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ABSTRACT 

A technology-updatable design methodology for three-dimensional (30) CMOS 

circuits has been developed. Four levels of abstraction have been implemented 

with topographical congruence: 1. Technology Level, 2. Mask Level, 3. 

Transistor Level, 4. Logic Level. A novel transistor level symbolic repre

sentation is introduced which emphasizes the three-dimensional nature of the 

circuits. A logic level representation was developed in such a way to assure 

masking of unnecessary details while providing all the necessary logic and 

placement information. Potential advantages of the 30 CMOS circuits are 

discussed. A number of design examples is presented, emphasis being placed on 

processor and memory elements. 
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1. INTRODUCTION 

Most CMOS circuits are composed of complementary pairs of p-channel and n

channel transistors where each pair shares a joint gate. Such configuration 

has led researchers to arrange the transistors vertically on top of each 

other with the insulated gate sandwiched in between. The upper transistors 

are formed in recrystallized layers of silicon and corresponding CMOS inver

ters have been reported [1,2,3]. These three-dimensional CMOS (3D CMOS) tech

nologies are maturing rapidly. It is the purpose of this paper to offer a 

technology-updatable design methodology for emerging 3D CMOS circuits. This 

technology has the potential of gate areas 3 to 5 times smaller than conven

tional CMOS circuits for the same design rules and mask count. 

2. KEY FEATURES OF 3D CMOS 

Figure la shows the basic topography of the proposed 3D CMOS invecter 

cross-section. The shared gate is n+ polysilicon. The upper gate oxide is 

grown from it. The p-channel transistor is built in a recrystallized thin 

film of silicon. The n-channel transistor is built in the bulk p-substrate as 

usual with NMOS processing. Planar auto-contacting is made at the p+ and the 

n+ drains. With this arrangement the output is carried over in n+ polysili

con (or polycide) to the gate of the other 3D CMOS devices with no contacts 

and steps required. Also only one drain contact cut is necessary in 3D CMOS 

rather than two drain contacts required in conventional 2D CMOS. The cross

section, although highly schematic, reflects the key features of a production

oriented, high-density 3D CMOS technology: 

Full oxide isolation; 

Planarized layers; 

Auto-contact of p+/n+ drains (possibly silicided); 
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Direct n+ output ton+ polysilicon gate input; 

Vertically aligned p+ and n+ sources with thick insulator; 

Buried n+ bias. 

This technology offers some very desirable features from the circuits and 

systems point of view. One of the main incentives for implementing the 3D 

CMOS integration is significant density gain. There are four major factors 

responsible for this gain: 1. p-channel devices of the complementary pair do 

not require any chip area, 2. there is no need for isolation of PMOS and NMOS 

transistors (wells etc), 3. intracell routing, 4. there are significant 

topological advantages. Based on the technology features described above, it 

is obvious that wire-routing problems are alleviated due to the fact that 

there is a smaller number of wires and that they are generally shorter and 

placed more systematically. Closely related to this argument is the conclu

sion that this technology potentially can improve the speed of the circuits •. 

The latch-up problem is eliminated. The contact count is decreased and 

reliability of 3D CMOS circuits is expected to be improved compared with its 

2D counterparts. The number of masks for the 3D process is no greater than 

that for the standard 2D process while the contact count is decreased. 

3. DESIGN METHODOLOGY 

The design methodology has been developed on a work-station with interac

tive color graphics (e.g. HP 9836 and PIGLET or CALMA GDS II). Four levels of 

abstraction are implemented with topographical congruence: 

1. Technology Level 

2. Mask Level 

3. Transistor Level 

4. Logic Level 
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While the transistor and logic levels are invariant, the technology and mask 

levels are updatable in the process file related to technology progress. 

Figure 1 shows a 30 CMOS inverter represented at all four design levels. 

The technology lt;!vel (Fig. 1a) does not represent all technology details in 

order to retain clarity. The designer needs access to this level because the 

emerging high device densities can no longer be comprehended in a 20 top view, 

only. Therefore, for level 1, technology cross sections can be called by the 

designer in either x or y directions. 

The mask level is represented in level 2 (Fig. 1b) as either individual or 

superimposed mask levels. 

Level 3 (Fig. 1c), the transistor level, reflects the basic topography of 

a 30 CMOS cross section, a PMOS transistor on top of a NMOS transistor with a 

sandwiched joint gate. This novel symbolic representation at the transistor 

level is a natural consequence of the actual physical arrangement shown at the 

technology level. 

The main goal at the logic level is to achieve a topographical congruence 

with the three lower levels in order to simplify both design and verification. 

Fig. 1d indicates that for the case of a simple inverter. However, the same 

idea has been applied to all designed circuits. 

Consider a two input NAND gate having two NMOS transistors in series and 

two PMOS transistors in parallel. The 30 realization of this gate is shown at 

the mask level (Fig. 2a), transistor level (Fig. 2b) and logic level (Fig. 

2c). Note that the parallel connection for the two PMOS drains can be placed 

right on the structure itself resulting in a compact "one unit width" cell. A 

similar design applies to a NOR gate. Next is shown (Fig. 3) the complex gate 

performing a logic AND/NOR function involving three inputs. 

To faciiitate effective 30 CMOS design, the screen is organized as an 
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uncommitted chip image as shown in Fig. 4a for level 3, the transistor level. 

Potential locations of transistors or transistor pairs and grids for potential 

p+, n+ and metal interconnects are indicated. Positioning of the cursor pla

ces or removes a transistor pair or a single transistor and establishes 

various interconnects. Similarily, macros are placed on the grid. Fig. 4b 

shows an example of a master-slave flip-flop frequency divider composed of 4 

AND/NOR macros. The mask level representation is shown in Fig. 4c. The logic 

level representation (Fig. 4d) performs the function of masking logically 

irrelevant details (e.g. intercell wiring) present at the transistor level. 

Note, however, that this level not only carries the information about the 

logic function of the circuit but also shows the actual physical location. 

This particular feature is very important for ease of logic verification as 

well as invert simulation. Fig. 5 shows a microphotograph of the frequency 

divider circuit which is part of an exploratory 3D CMOS test chip [4]. 

4. DESIGN EXAMPLES 

In view of what was said about potent1al advantages of 3D CMOS circuits, 

one can conclude that this technology will be found most beneficial in the 

areas where density, speed and reliability are of prime concern. Processor 

elements (adders, multipliers, etc) and memory elements should benefit most. 

A static type CMOS full adder is shown at the transistor level (Fig. 6a) and at 

the logic level (Fig. 6b). The Boolean equations are 

Q = ABC + (A+B+C)~ s c 
Q = AB + (A+B)C 
c 

A particularly interesting circuit is the transmission - gate type full adder 

(Fig. 7). Due to the extensive use of very compact 3D CMOS circuits per-
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Fig. 5. Microphotograph of the Flip-Flop circuit prior to metallization 
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forming ~R and SELECT functions, a very significant gain in density is 

obtained. This is documented in Table 1 which contains a comparison of 

required areas. Note that both adder circuits have been laid out in a gate

matrix style. 

AREA COMPARISON - FULL ADDER 

BULK CMOS 13P X 15P = 195P2 

SO! llPx 12P = 132P2 

3-D CMOS-1 8P X 7P = 56P2 

3-D CMOS-2 6P X 6P = 36P2 

Table 1: Area comparison in pitch units 

A 6-transistor static RAM cell is shown in rig. 8. The density gain over 

its bulk CMOS counterpart in this case, is attributed to the fact that there 

is no need for an area consuming well and also to the clear topological advan

tage. Cross-coupling in 2D CMOS presents a special layout problem which tends 

to increase the area and contact count. In 3D CMOS, cross-coupling is 

accomplished by simply aligning the input of an inverter with the output of 

the other. Not a single extra contact is needed. Table 2 contains some of 

the average figures supporting the density gain expectations. 

AREA COMPARISON - (RELATIVE) 

2-0 CMOS 

BULK SO! 

STATIC CMOS RAM 3 

COMPLEX CMOS GATES 5 

CMOS PROCESSOR ARRAY 3 

2 

3 

2 

'3-D CMOS 

1 

1 

1 

Table 2: Density gain figures 
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5. CONCLUSION 

The design methodology described here was successfully applied to the 

design of a test chip and numerous test structures. The 30 CMOS circuits have 

many desirable features. They are listed in Table 3. 

Features Conse uences 

high density higher level of integration 

reduced interconnects 

fewer contacts 

high regularity 

less capacitance and higher 
· speed 

yield and reliability 

better design productivity 
and verification 

Table 3: Features of 30 CMOS circuits 
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ABSTRACT 

Synchrotron radiation photoemission studies of the effect of Cr interlayers 

on Si(lll)-Au interface reaction show that Cr concentrations below 1 x 1015 

atoms/cm2 retard Si-Au intermixing, concentrations between 1 and 7.5 x 1015 

atoms/cm2 promote Si-Au intermixing, and concentrations in excess of 8 x 1015 

atoms/cm2 sharply reduce intermixing. There variations are shown to depend on 

the three formation stages of the Si-Cr junction. Cr itself is shown only to 

be indirectly involved in the Si-Au reaction and Si is to be the only moving 

species. 
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The driving forces responsible for atomic interdiffusion at 

S . 1 . f h b h b . f . eli . l-6 
1-meta 1nter aces ave een t e su Ject o 1ntense scuss1on. 

To understand this atomic interdiffusion, we must identify the para-

meters that control interdiffusion kinetics and the junction profile, 

and we must determine the relationships that exist between these 

parameters and the chemical activity of the species involved in the 

. f f . 7-9 1nter ace ormat1on process. 

In order to better understand interdiffusion, we performed an 

investigation of the effect of Cr interlayers on the atomic inter-

diffusion of Si and Au at the Si(lll)2xl-Au interface, with special 

emphasis on the chemical aspects of interdiffusion. 

In this paper, we show that for Cr coverages from 2 to 9 ! 

the interlayer promotes the Si-Au intermixing, while the interdiffusion 

is reduced for Cr coverages above 9 ! (10 monolayers) or for coverages 

less than one monolayer. This strikingly non-monotonic behavior rules 

out simple "diffusion barrier" effects and is related, instead, to the 

three stages of Si-Cr reaction. Each stage corresponds to a different 

morphology or microscopic arrangement of the Si atoms at the surface and, 

hence, a different energy content of the Si-Si bonds. 

Our results show that the interlayer Cr atoms do not appear 

directly involved in the Si-Au reaction. Instead, since the Cr inter-

layer affects the formation of the Si-Au junction and its concentration 

modulates the Si-Au reaction, it seems natural to define the role of 

the Cr atoms as that of an "interface catalyst" for the Si-Au reaction. 



-3-

The Si-Cr-Au system was chosen because the Si-Cr and the Si-Au interfaces 

11 h . dlO-l3 d . h . . . 1 d f t . t are we c aracter1ze an ne1t er g1ves r1se to 1s an orma 1on a room 

temperature. The relative surface concentration of the different species 

and the evolution of the chemical bonding was followed systematically through 

synchrotron radiation photoemission from valence and core electronic states, 

both as a function of Au coverage and Cr interlayer thickness. The experiments 

were performed at the University of Wisconsin Synchrotron Radiation Center with 

a "Grasshopper" grazing-incidence monochromator for 40 ~ hv .5.1.40 eV. The 

photoelectrons were analyzed by a double-pass cylindrical mirror energy 

analyzer, and the overall resolution (monochromator + analyzer) was 0.3-0.5 eV. 

Cr and Au were evaporated in situ from W coils onto cleaved n-type Si crystals 

15 -3 (P-doped , 10 em ) and the overlayer thickness was measured by a quartz-

crystal monitor (8Cr = 1 A= 1.1 monolayers; eA~l! = 0.8 monolayers; 1 mono

layer= 7.6 x 1014 atoms/cm2). Cr depositions of 0.5-15 A were made immediately 

before a series of Au depositions (maximum Au coverage of 50-70 ! for each Cr 

interlayer thickness). All experiments were performed at pressures of 5 x 10-ll 

Torr ~6xlO-lO Torr during evaporation and at room temperature). 

In Fig. 1 we show representative photoelectron energy distribution curves 

(EDC's) for the valence band of the Si-Cr-Au inerface at a fixed Au coverage of 

20 ! as function of Cr interlayer thickness14• The topmost spectrum corresponds 

to Si(lll)-Au without Cr, and the bottom-most shows the valence bands for a 

20 ! Au film on an inert substrate15 • The differences between these two, which 

reveal the formation of the Si-Au interface, have been explained as modifications 

of Au 5d-derived density of states features caused by Si atoms in the Au matrix, 

. 1 h h h h f h d d 1 12 '14 '16-17 ma1n y t roug t e c ange o t e - over ap • Taking such differences17 
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as a fingerprint of Si-Au reaction, the systematics in Fig. 1 show that a 

Si-Au reaction can occur in the presence of a Cr interlayer but that the 

intermixing is sharply reduced when the interlayer thickness increases above 

9 1. 
The presence of Si atoms in the Au matrix is clearly indicated by the 

topmost spectra of Fig. 1, but the valence band spectra show no evidence of 

Cr at the surface. To determine whether Cr intermixes with the Au overlayer, 

we measured the integrated Cr-derived 3p core emission as a function of Au 

coverage for two different Cr interlayer thicknesses, as shown at the top 

of Fig. 2. These results show an exponential attenuation of the Cr emission. 

Comparison to a simple exponential attenuation calculated with an escape depth 

of 51 (dashed line), indicates Si outdiffusion through the interlayer into the 

Au layer. This Si outdiffusion is quantitatively more important for an 

interlayer thickness of 2 1 than for an interlayer thickness of 8 !. There 

is no evidence of Cr outdiffusion into the Au film. 

In a series of previous papers we showed that the deposition of Cr onto 

the Si(lll) surface produces a Si-Cr mixed surface phase of variable composi

tion11. When the Si-Cr-Au junction is formed, we now see that Si diffuses 

into the Au matrix and, in principle, this might imply Si-depletion in the 

Si-Cr region. However, the results shown in Fig. 2 indicate that this is not 

the case. The Si-Cr reaction which occurs during deposition of Cr on Si(lll) 

produces a chemical shift as large as 0.3 eV for the Cr 3p cores (mid-section 

of Fig. 2), but there is no variation of this chemical shift when Au is 

deposited onto the surface (lowest section). Hence, within experimental un

certainty of -0.1 eV, the average local chemical environment of Cr atoms in 

the Si-Cr phase remains the same after the Si-Au interdiffusion. This implies 



-5-

that as Si enters the Au overlayer, a corresponding amount must enter the 

Si-Cr phase to maintain the local stoichiometry. The net results of this 

diffusion is transport of Si atoms through a stable Si-Cr interface phase. 

In Fig. 3 we show very important results which demonstrate that a picture 

in which the Si-Cr phase acts as a diffusion barrier for atomic interdiffusion 

of Si and Au is inadequate. By measuring the attenuation of the Si 2p core 

emission as a function of Au overlayer for different Si-Cr interlayer thickness, 

we can show that the attenuation is not proportional to the thickness of the 

Cr "barrier." In Fig. 3 the emission intensity at a given Au coverage and 

interlayer thickness is normalized to the initial Si 2p emission from the Si-Cr 

phase. For comparison, results for the Si(lll)-Au interface without Cr deposi-

tion are also shown (dot-dashed line from Ref. 14). The best representation of 

the net effect of the presence of the interlayer on the Si-Au reaction is done 

by a normalization which takes into account the initial emission from Si surface 

atoms since this varies with interlayer thickness. Three different ranges of 

interlayer thickness are clearly evident. First, for Cr coverage of 0-1 A 

monolayer (lower section of Fig. 3), the interlayer weakly affects Si-Au inter-

mixing and reduces Si outdiffusion. Second, for Cr coverages between 1.4 and 

9 A, the interlayer promotes Si outdiffusion. Finally, for Cr coverages above 

10 monolayers the interlayer sharply reduces Si outdiffusion. The maximum 

promotion effect is obtained at about 2 A of interlayer thickness, and the 

trend reverses itself in the monolayer Cr coverage range. Clearly, these 

results cannot be interpreted with only a simple diffusion barrier model. Hence, 

there must be a correlation to changes in the local chemistry and energy balance. 

11 18 In studies of Si(lll)-Cr interface formation we suggested ' that 

there are three formation stages for the Si-Cr interface. In the first 
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(8Cr ~ 1- 1.5 ML), small core chemical shifts and the relatively rapid atten

uation of the substrate emission suggest little or no interdiffusion and weak 

adatom-substrate interaction ("weak chemisorption"). For 1.5 ~ 8Cr ~ 9-10 ML, 

the core levels shift, there is slower attenuation of substrate emission, and 

the valence states evolve, thus providing evidence of Si-Cr interdiffusion 

("reactive interdiffusion"). For 8Cr > 10 ML, the Si-Cr reaction is completed 

and further metal deposition produces an unreacted Cr film on top of the 

reacted Si-Cr phase ("fully reacted"). 

The clear one-to-one correspondence between the different stages of Si-Cr 

interface reaction and the different regimes of catalytic effect of the Cr 

atoms in the interlayer is compelling and allows us several conclusions. 

The promotion catalytic effect of the interlayer on the Si-Au in~erdiffusion 

is related to an increase in reactivity of the Si surface atoms that occurs 

during the reactive interdiffusion stage ~f the Si-Cr system. The maximum 

promotion effect occurs just above the onset of the reactive interdiffusion; 

the interlayer reduces Si outdiffusion below the onset of the Si-Cr reaction. 

The sharp transition suggests that during the weak chemisorption stage the 

presence of Cr atoms leaves the energy content of the Si-Si bonds relatively 

unchanged while the metal atoms "cover up" the ordered surface and act as a 

thin barrier against the Si-Au interaction. When Cr and Si begin to react, 

the average Si-Si binding energy is reduced and the broken surface bonds 18 

represent sites where the chemically driven Si-Au intermixing may start. The 

chemically activated character of this interdiffusion process is emphasized 

by the substantial reduction of intermixing that occurs for interlayer thickness 

above 9 A, showing that even very thin layers of unreacted Cr on top of the 

Si-Cr phase act as an effective diffusion barrier for the intermixing. 
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The gradual reduction in Si outdiffusion that takes place for increasing 

Cr coverage between 2 and 9 A is related either to a progressive change of the 

reactivity of the Si atoms in the Si-Cr phase due to changes in bonding 

character or to the growing importance of a rate-limiting mass transport step 

in the intermixing process. Discrimination betw.een the two mechanisms will 
I 

require temperature dependent studies (to vary the importance of mass transport 

in limiting the rate of reaction) or procedure whereby the actual concentration 

profile of Si atoms in the Si-Cr interlayer can be determined. The latter 

would allow a quantitative correlation of data such as ours with the effective 

surface concentration of Si atoms and therefore obtain the specific activity 

of the Cr catalyst as a function of interlayer thickness. 

In summary, we have shown that interface reaction at the Si-Au junction 

can be modulated by Cr atoms at the interface, that these Cr atoms can promote 

or reduce Si outdiffusion from the bulk, and that the non-monotonic catalytic 

trend is related to the existence of several non-equivalent microscopic 

structures for the Si-Cr binary system at the interface. These results point 

to the importance of investigations of the influence of the interface catalytic 

effect on the formation of the Schottky barrier because such studies could 

clarify the relative importance of metal-induced defects and the formation 

chemistry of the extended interface region in determining the Schottky barrier 

heights. 
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states so that the sharp d-edge of bulk Au 2 eV below EF is displaced 
to higher binding energy and only a shoulder is seen in the spectra 
of reacted Au. 

18 K. Oura, S. Okada, and T. Hanawa, Proc. 8th Int. Vacuum Congress, Cannes 
(France), Sept. 22-26, 1980, Suppl. to "Le vide, les Couches Minces," 
201, 181 (1981). 
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1. Introduction 

Rapid advances in technology are making it possible to fabricate circuits of 
an ever increasing complexity. This increase in circuit complexity poses a 

severe challenge to the algorithms presently in use in design automation tools. 
One of the ways to meet the challenge is to develop new computer architechures 

capable of running these design automation algorithms efficiently. Another 

approach is t.o develop yet faster algorithms. 

Several new architectures and corresponding algorithms have recently 

been proposed for design automation. Blank et al [Bl.A!'l'Bl] describe a bi.t map 
processor architecture suitable for boolean operations, wire routing using Lee's 

algorithm, and tor some design rule check (DRC) functions such as shrink and 

expand. Mudge et al [MUDGB2] describe Cytocomputer architecture adapted for 
DRC and Lee type wire routing. Yet another DRC architecture is described in 

(SEIL82]. Some other references for special purpose architectures and associ
ated algorithms for wire routing are [DAL\IIM82] and [NAIR82]. A parallel process

ing approach for logic module placement has been developed by Ueda et al 

[UEDA,B3]. 'Simulation has also been the focus of several new architectural stu
dies. The most popular such development is the YC?rktown Simulation Engine 

([PFIS82], [DENN82], and [KRONB2]). Another logic simulation machine is 
described by Abramovici et al [ABRA82]. In this paper, we shall be concerned 

with the design of a systolic system for design rule checks. Our design differs 

from all earlier work on special purpose architectures for design automation in 

that ours is the first systolic design. Of course, systolic designs have been stu-· 

died for quite same time. A valuable reference is [KUNG82]. Our systolic system 
for DRC's differs from earlier work on hardware assisted DRC's in that it is edge 

based rather than bit map based. Consequently, it has the potential of being 

much faster than earlier designs. 

Specifically, our systolic design rule checker {SDRC) checks for spacing and 

width errors. The design may be extended to include other design rule checks. 
Our design points out the potential for systolic S}-stems in design automation 
applications. 

2. Polygons and .Errors 

In arriving at our SDRC, we made several assumptions on the nature of the 
polygon to be handled and also on the type of errors to be checked ror. First, we 
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assume that polygons are composed of horizontal and vertical edges only. 
Hence, olll.y right angled bends are pet"IIli.tted. Polygons may contain holes. 
These holes are also restricted to be polygons with right angled bends. Figure 1 

shows two example polygons that satisfy these restrictions. 

This restriction on the edges composing a polygon allows a compact 
representation of each polygonn. This representation consist of the following: 

1. Polygon n:u.m.ber. Each polygon is assigned a UDique number. Holes within a 
polygon are assigned the same nunl.ber as tb.e enclosing polygon. 

2. A sequence of polygon vertices. This sequence begins at the lowermost lett 
hand vertex of the polygon and is obtained by traversing the polygon so that 
its interior lies to the left of the edge being traversed. Since all edges are 
either horizontal or vertical, the polygon vertices (except the first) may be 
described by providing a single coordinate. 'rilus, the polygon of Figure l(a) 
is represented as: 

The tlrst symbol p identifies this as an enclosing polygon. n is the polygon 
number. In case of a hole, an h is used in place of the p. Holes are traversed 
such that the the interior is to the left of each edge traversed. The representa
tion for the polygon and holes of Figure l(b) is: 

p, C.. ::1, Yt· Z2, Ys. ::4, Ye· ze. Y7• ::a. YB· =tc• Yu· Z12•Y1 

h. D., :: IS• Y IS• z 141 Y 1:J• Z 16• Y 17• Z 18• Y 19• ,::20• Y IS 

h. n, ::21• Y2t• ::22• Y2S• .:1:24, Y2t5• z2B• Y21 

The SDRC assumes that the polygons are well formed. Specifically, open 
polygons (Figure 2(a)); polygons with shared edges (Figure 2(b)): polygon 

"1.;-z'=u-----~·u'u 

<·• .. bola 

Y~gure 1 Examp~s o£ polygoru; 
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overlaps (Figure 2(c)); and polygons sharing an edge with a hole (Figure 2(d)) 

are not permitted. While this assumption of well-formed.ness is not essential to 

our disscussion, it enables us to concentrate on spacing and width issues. A 

minor modification to our design allows the SDRC to check for above malforma

tions. Also, these inconsistencies need to be explicitly checked before one can 

apply bit map based width and spacing checks. 

Let d. denote the minimum allowable feature width. Figure 3 gives examples 

of polygons with width error Note that many designers do not. regard Figure 3(c) 

as an error unless the distance e is less than d.. Our SDRC is easily changed to 

account for this variation. Note that The polygons of Figure 4 have no width 

error even though they contain some edges less than d. 

_f! 

~ 
,...---, 

"! ~ I 
I I 
I ; 

LJ 
(a) (b) (c) 

<Hgure2 Malformed Polygons 

~u en n~ 
~ I 

(a) 

... 

(b) (c) 

Figure 3 Polygons with width errors 
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Let s denote the minimum allowable spacing between polygor..s. The ploy
gens of Figure 5 have space errors at the points marked •. 

As in the case ol Figure S(c), the configuration of Figure 5(c) is often not 
considered erroneous unless tbe distance labeled e is less than s. This cb.ange is 
also easily made in th.e SDRC design. 

3. SDRC Architecture 

The SDRC is a hardware device tb.at may be attached to a computer system 
as a peripheral ( Figure 6) or directly to the CFt; as in case of a floating point 

• 
processor. 

A block diagram of the SDRC appears in Figure 7. Tb.e major components of 
an SDRC are two systolic sort arrays (SAX and SAY), controllers for these sort 
arrays. and a design rule checker (DRC). Let us assume tb.e configuration ol Fig
ure 6. When design rule checks are to be performed, the CPU sends the compact 
descriptions of the polygons to the SDRC. This description is transformed into 
explicit edges by the controlleers for SAX and SAY. Horizontal edges are 
created by tbe cotroller for SAX and inserted into SA.."C. Vertical edges formed by 
the controller for SAY and inserted into SAY. The sort arrays sort tb.e edges into 

(a) 

aus 

(b) 

:ngure5 

I 
EJ 

Figure 6 

I a 

0:~. 
~ <s 

'··~~ ! i 
i I 
L_j 

(c:) 
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Figure 7 SDRC Architecture 

lexical order. Thus, the SAX sorts edges by y - coordinates and within y - coordi

nate by X'- coordinate. Recall that we have assumed that the1"e are no overlap

ping edges. So, even though every horizontal edge has two x- coordinates, there 

is a unique lexical ordering for the horizontal edges. Slmilarly there is a unique 

ordering for the vertical edges. 

As we shall see in the next section, the SAX and SAY are simply systolic 

priority queues. Consequently, as soon as the edges have been formed and 

entered. into the :SAX and :SAY, they may be transmitted in lexical order to the 

DRC. First SAX sends its edges to the DRC, w'hich examines them for width viola

tions in the y direction and spacing violations in the x direction. All detected 

errors are transmitted back to SAX. Next SAY transmits its edges to the DRC 

which examines them for width errors in the x direction and spacing errors in 

they direction. These errors are sent back to SAY. The errors collected in SAX 

and SAY may then be communicated back to the CPU. 

Clearly, by using two DRCs, the horizontal and vertical edge processing may 

be effectively overlapped. Further, by providing a data path for the errors to go 

directly from the DRC to the CPU, the use of the SDRC may be pipelined. 

4. Edge Forming 

The descriptor for each edge formed in sort array controllers consists of 5 

fields as shown in Figure a: The terminology used in this Figure is with respect to 

the horizontal edges. y is the y- coordinate for the edge; Zt the left x coordi

nate; Zr the right coordinate; p# the polygon number; and ud ( up-down) is 0 if 

the interior of the polygon is above this edge and 1 other·wi.se. In case the DRC 
sends errors back to the SAX ( rather than directly to CPU) then each edge 

descriptor will have two additional bits to record the error. For vertical edges we 

may use the terminology of Figure 9 where xis the x coordinate of the edge: Yb 

and Yc are. respectively. the bottom and top y coordinates: p# is the polygon 



number: and lr ( left right) is 0 if the polygon interior ts to the left of the edge 
and is l otherwise. The p# field is used only to LdentirJ polygons with errors. This 

field may be oiDitted and the detected errors can be associated \Vi.th pol.ygons by 
performing a search at the end. 

Example 1: The edge descriptors for the horizontal edges of the polygon of Fig
ur'! 10 are: 

Y?· :z:7, :z:a, 1, 1 

1118• Zt8• Zt~• 1, Q 
Yto• Zto• Zg, 1, 0 ·.· / 

Ya· =u· %12• 1. 0 
11&• za. =o. 1. 1 

Yt"' =t4• .::13• 1, 0 

Y4• .:4, zs. 1. 1 

The descriptors for the vertical edges are: 

za. Ya·113• 1. 0 
za. 11a· 119· 1, 1 
.:12, Yt2• Yts• 1, 1 

Zto• YtO• Yn· 1. 1 
Ztll• Yt~· Yt4• :.. 0 

za. 11o•114-• 1. l 

I ~ 
' 

yb 

Flgure 9 

Pll lr 



Z7, Y7· Yte. 1, 1 

Zt, Yt· Ye. 1. 1 

The transformation from the compact polygon representation to the edge 

descriptors is relatively straightforward. 

5. The Sort AITays 

While the sorting algorithms have been considered for hardware implemen

tation ([THOMBZ]), priority queues appear tp be best suited for our sort applica

tion. Two systolic implementations of priority queues appear in literature. One 

is due to Leiserson [LEIS79], and the other due to Guibas and Liang [GUIB82]. 
While design of [GUIB82] is simpler than that of [LE1S79], it permits an 
insert/delete every four cycles as opposed to once every two cycles for the 

design of [LEIS79]. 

The systolic priority queue of [LEIS79] is a linear array of processors (PEs) 

each having two registers A and B (Figure 11). Each register in the priority 

queue is large enough to hold edge descriptor. The array of processors pUlsates 
in regular cycles with instructions: 

Figure 10 

Figure 11: S A X and Controller 

li"! ...... ,_,. •• 
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1. B;. ... B;.-1 

2. Order ~-1 • ~. B;.-1 so that 

~-ls~s& 

being performed for odd i in odd cycles and for even i ( i j!!Q) in even cycles. A 
new edge can be inserted in the array just before every odd cycle by settil:lg Bo 

to the edge descriptor and Ao to - "'"· 

When all the icsertions have been performed. the edges can be extracted in 

the lexical order by setting Ao and Bo to + aa. It takes two cycles to extract each 
edge. The edges can be sent to DRC one by one as extracted, thereby overlap

ping the extraction process and DRC operation. 

The remaining details for SAX and SAY may be found in [LEIS79]. 

'l'b.e DRC 

The DRC is invoked once for horizontal edges and once for vertical edges. 

Since the processing that occurs with horizontal edges is the same as that for 
vertical edges, our discussion of the DRC is confined to the case of horizontal 
edges. 

As mensioned earlier, when processing the horizontal edges, the DRC 

checks for "idth violations in the y direction and spacing violations in the x 
direction. In addition. the spacing and width checks of Figura 12 are also pe~ 
formed. 

The DRC (Figure 13) is a linear systolic array wi.t.h the same organization as 

the priority queue of F'l.gure 11. The A and B registers of each PE are ,however 
larger. In describing the fields of a register, we shall use the notation A(i] . .x to 
mean fl.eld x of register A of PE L Each register in the DRC has all the delds 

D. 
a ~~o 

a) widch error b) spacing error 

(a < s) or (b < s) 

Figure 12 



necessary to describe an edge(Figure 8). In addition, the following fields are 

also present: 

PR ,. This is a two bi.t priority field used to control the flow of data in the A 

and B registers. The four possible values assignable to PR have the fol

lowing interpretation: 

PR = 11: This signifies an empty register. If ud = 0, then this is an 

empty register to the right of the ri.gp.tmost edge( i.e. edge 

2.1 of Figure 14) in the DRC. If ud = 1, then this i.s an empty 

register to the left of the rightmost edge in the DRC. 

PR = 10: The register contains an edge that has yet to settle in its 

place. 

PR = 01: This value is possible only for an A register edge. It denotes 

an edge that has settled. 

PR = 00: Denotes an edge for which an error has been detected. 

WE .. A 1 bit width error field. It is set to 1 if a width error involving this 

edge has been detected. 

SE .. A 1 bit space error fleld that is set to 1 when a spacing error involving 

this edge is detected. 

rightok .. A 1 bit field. This i.s used only for edges with ud = 0. Let X, Y e: ~A. B~. 
X[i].rightok = 1 i.ti there is a j such that 

(X(i].P# = y(j].P# and X[i].Zr = Y[j].z, and 
Y(j].ud = 0) 

Y'l"l.ih' .. Used in conjunction With rightok. Gives the y-value of the edge that 

satisfies the condition of rightok 

leftok.. A 1 bit field that is used only for edges with ud = 1. Let x e: fA, B~. 

X[i].leftok = 1 itf there is a limb at the leftand of the edge (Figure 

5(b)). 

,--..., 
0 

j 1- overfl"v 
! 3:1 ; 

!-
0 ; 

: An ' 

Figure13 



=•= .. When leftok = 1. =-= gives the leftmost point of the edge. Since edges 
may get split during processing, =-= may not equal =t (z, wil be the 
current left end of the split edge. Since the rightok and YritJI!S fields are 
used only when ud = 0 wbil.e the leftok and z.- fields are used ocly •Nb.en 

ud = 1. these fields may use the same physical register space. 

It is assumed that all polygons are to be embeded on a rectangular chip 
(ftgurre 14). Thus during processing for horizontal edges, tb.e edges 1.1, 1. 2 , 

2.1, and 2.2 are loaded in the SAX The adges 1.1 and ~.2 ~ome out of SAX before 

any other edges in the layout; whereas the edges 2.:. and 2.2 come out in the 
end. The DRC is initially Loaded with the edge 2.1 for processing edges from SAX 
and the edge 3.1 for processi."..g edges from the SAY. 

At the start of each cycle of the DRC, an edge is inserted in 8 0• This edge 
has PR = 01, and WE = SE = 0. Since edges come from SA ( or SAY) only once 
every two cycles, the cycle time of the DRC must be at least twice that of tl:ie 
sort arrays. Once the edge enters the DRC at 8 0, it moves towards the right until 
it finds its correct position with respect to the edges in the A registers. The A 
register edges are ordered by their z, values. As tb.e B c-egister edges move to 
the right. width and spacing checks are performed against the A register edges 
in the PEs adjacent to the one the edge is to settle into. Cnce all the hoizontal 
edges have been entered into the DRC, we set B[O].PR = 11, B(O].UD = 1 and 
A(O].PR = 11. This will cause the detected errors to move to the left of the DRC 
from where t,b.ey·may be removed and sent back to SA.'\ cr the CPU. 

The basic cycle of the DRC is described in procedure cycle. 

Before specifying the details of the step 'PROCESs..lN...EAClLPE' , we 
describe a Cew procedures used Cor Lhis purpo::~e. 

8.1 Procedures Used.Forlftdth and Spacing Checks 

ra:;,,_ _________ _, r.::;: 
I . ! 
1 r 

I' i 
! 

I 
l I! 

i 

i I : 
! i 
~ ~ 
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procedure cycle 
~pulsating cycle of the systolic DRC~ 
repeat 

~ shift B edges t"ight J 
for every PE i, i < n do 

B(i+l] .,. B[i] 
B!Ol ... new edge 
B 0 .leftok ... 0 
A 0 .(PR.z1,z,., WE, SE. UD) +- (00, -ca, -=. 0, 0, l) 
PROCESS...IN...EACIUJE ~ described later ! 
~ shift A edges as needed l 
fer every PE i do 

if A[i].PR = A[i+l].PR = 11 andA[i+i].UD = 0 
then~ mark i as right of rightmost edge ! 

A[i].UD = 0 
end 
fer odd i on odd cycles and 

even i on even cycles do 
if A(i].PR > A[i+ll.PR 

then A[i] ...... A(i+l] ~ interchange edges~ 
end 

until false ~ infinite loop l 
end cycle 

Spacecheck 1.1 

This is used by aPE that contains an edge in its A register that .is to the right of 
the edge in its B register. Figure 15 depicts two of the situations when the check 

is performed. 

procedure spacecheck 1.1 

if A.z, - B.zr < s 
then [A.SE ... l;B.SE"' 1} 

end space check 1.1 

\ ~1,_ \ ~·:~:L .. 
'1i 

B Regist:er edge 

I ··l:-1 
B edge 

\·~,~I 
A edge 

Figure :5 
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Spacecheck 1.2 

This is similar to spacecheck 1.1 except that the B register edge is to the right 
of the A register edge. 

procedure spacecheck 1.2 

if B.=, -A.=,. < s 
then [A.SE ._ l:B.SE ._ 1] 

endspaceeheck 1.2 

Spacecheck2 

This is used to check the interlimb distance in polygons (Figure ~6). As edges 
progress tbrough DRC, they may get broken. So, the edge in a register may 
actually be only a segment of a larger edge. The leftmost point on the original 
whole edge is 'remembered' in the field =.. which takes the place of the YritJI&' 

(=.- is used when UD = 1 while y~ is used when UD = 0). 

procedurespacecheck2 

if B.z,. - B.=.. < s 
then B.SE ._ 1 

end spacecheck2 

1ftdthcheck1 

This is used when the A and B register edges in a PE belong to the same polygon: 
have some overlap; and A. UD = 0 and B. UD = 1. Figure 17 depicts a possible 
situation. 

procedure widthcheckl 
if B.y -A.y < d 

~~======.!,3 edge ' i ~I ]"'•"'''~"""'""' 
Figure 16 InLerlimb di::sLance 
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Polygon 

then [AWE._ 1; B.WE +- 1] 

end widthcheck1 

'Wi.dthcb.eck2 

t. 
--A edge 

ngure 17 

The widthcheck performed by this procedure is shown in Figure 18. The PE that 
performs this check has edges in A and B regi~ters that have the same polygon 

numbers; A. UD = 0 and B. UD = 1; and A. rightok = 1. 

procedure widthcheck2 

if B.y- A.yn.g~at < d 
then B. WE .. 1 

end wi.dthcheck2 

6.2 PROCES3...IN...EACE 

In this step of the cycle, each PE examines the edges in the A and B regis

ters and performs the checks based on this. ln order to understand the edge 

processing procedure to be outlined shortly, it is necessary to keep the following 

in mind. 

B.y- y ~ighc 

y righc 

I 
A eclge 

li!gure 18 
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1. Edges may settle only in A registers. Thus, 

B.PR 01 for any PE. 

2. Edges that have not yet settled must do so by moving to the right via B 

registers. So, the case A.PR = 10 is not possible. 

3. ::Iettled edges are ordered by their x values left to right in tb.e A registers. 
The sequence of settled edges (i. e., PR = 01) may be interspersed With 

error edges (i.e., PR = 00) and empty edges (i.e., PR = 11). 

4. A polygon edge may get split during processing. Figure 19(a) shows a 
polygon with. a hole in it. Wben edge e is the B edge in the PE ~nta.in.iilg the 
edge acd in its A register, the acd adge is split into the three segments a. c. 
and d. The segments a and c are discarded. In the case of polygon in Figure 
19(b), the edge e causes the edge ac to be split into segments a and e. 'Ihe 
segment ais discarded as no new errors with respect to this segment are 
possible. All errors detected for the edge are retained by the segment. 

In general, edge splits and discards are carried out so as to ensure that the 
set of active edges (i. e .• PR= 01 or 10) have no overlap of their x coordinates. 

The exact mechanism by which width and spacillg errors are detected is • 

best described using algorithmic notation below. 

caseA.PR of 

00 : l A edge has an error; do nothing i 

10 : ~ A adge hasn't settled. Tbis is not possible. Only B edges 
may have PR = 10 J 

.a 

j bole I 
~ 
I C: I 

F1gure 19 
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11 : ~ A register is empty ! 

caseB.PR of 
00: A ....... B l Move error edge to 

empty A register ~ 

01: l Not possible as edges can 
settle only in A register ! 

10: if A.UD = 0 

then ~No edges to the right of PE ! 
[B.PR.,. 01; A ....... B] 

~ B edge must settle here ! 

11: ~ do nothing! 
end case 

01 : ~A edge is in its correct place ! 

cascB.PR of 
11 : ~ do nothing ! 

00 and 01 : ~ not possible ) 

10: caseA.UD of 

0: 

tAt tms point A . .Pt( = 01, H.PH = 10, A.UIJ = 0. 
The interior of the polygon is above the edge A.! 
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~ Determine the relationship between the A and B edges ~ 

case 

~ We have the situation of Figure 20 J 
it a.u'"D = o 
then Wigure 20(a)l 

[if B.=r = A.z1 

then ~ By assumption on the polygons 
(Fi.guure 2) B.p# = A.p# ~ 

[B.rightok ._ 1; B.yngM .. A.y] 

else ~ B.PIJ <> A.PIJ or B and A are 
from two limbs of the same polygonJ 

spacecheck1.1 
endif] 

endif 
~ This is B's place to settle J 
A.PR +- 10; B.PR .. 01; A .. • .... B 

! :Note that when B. tJD = l, no checks need 

be performed as relevant checks were 
performed when the A edge was settle J 

B edge 

ll//l/111111 !1/l!ll/11/lll/11/l/! 

l/1111111111! 
I ' , I I i 

!tll/1/lli 

B edge 
A ecl.ge 

A edge 

(a) (b) 

-16-
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! This situation is depicted in Figure 21l 

if B.L"'D = 0 

then !Figre 21(a)! 

if A.z,. = B..:~:, 
then ~ By assmptioc. on polygons (Figure 2) 

B.p# = A.p#! 
[A.rightok'"' 1; A.yn.gl&i ... B.y] 

else spacecheck1.2 

endif 

else !Figure 21(b)! 

if A.z,. = B . .z, and not B.leftok 

then~ Figure 21(c). Set leftok and :l:=t 

in case limb test is needed. B edge 

may get split lated 

(B.leftok +- 1; B..x= +- B.zt] 
endif 

if A .. rightok 

then {Figure Zl(c). A width check is needed. ~ 

[if (B.y- A.y < d) and 

(B.zt - A.z,.) < d 

then B. 'tlE +- 1] 

endU 
endi.f 

3: else : ! A and B edges have some overlap and so 

must be part of the same polygon. Hence 

H. U 1J = l..i''igure 22 - 26 show some cases. 

Note that A..::, ~B.:, < A..:r. 

The case B . .::1 < A.x1 is not 

possible as this would have caused 
caused B edge to be split earlier, 

leaving B.z, = A.z1 l 

-17-
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ll/111!.'1/lllll!lflflf ..... 

Pol~roe 

''''''1.' 1·i.'i •f/11/11 ..... 
1111/!,'1//l!fll '/ 

.~ ...... 

'I' 'lfr' ''(! "'lli 

(a)J.ISII•o 
())I,Ydo! 

,r··-~ 
I I 
,I i I.... I 

IIi''; I, •! 1-f....:..J 

4. .,. 

.!....L!.i.._'·-' 

(C) I · 111111 • L 

Figure 21 

lll!lllfl/1/1111 
t!lll/11111111111 

I IIIII /Ill Ill/If ((( Ill I Will 

l"'gure 22 . 

J./11111 

1/1/111/ 

a 
I 
l. 

d/1 11111/111 

a I a. 1 ~ ~.-! _--:.::Z.-.__,j 

111111/1!111 

;~ I 
1 j//1// 

A 

1111/111111111 

fU-LLL' 
11111/111111/! 1/1/11111/111! 

.,. ,. 1 
.~,Figure23 A 

a 
ll/11111/1111 111/l/11111 ill/ I i 

ll/11111!1111//11111 

A 

Ftgare24 
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11!!11111/1!! ll!!//l/1 ------------------J 
/1//(11/ 

1!1/!!l/!1111/// 11!11!1111111!'11 I 
: 
I 

L--
(a) (b) 

3.1.1: A.z,. = B.z,. :~Figure 22(aB 

if A.rightok 

then ~ Figure 23 l 
( widthcheck2 

if B.leftok 

then f Figure 23( c) l 
~pacecheck2] 

f change status of A edge l 
if A.1VE or A.SE 
then A.PR ... 00 
else [A.PR ._ 11; A.lJD +- 1] 

3.1.2; A.z,. < B.z,. : f Figure 24l 

f split B edge and put left part in A; 

note that it there is a left limb of B. 

B.leftok and B.ze: were set in case 2. 

(see Figure 2l(b)l 
A.UD ._ 1; A.y ._ B.y; B.z, +- A.z,. 

-19-
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3.1.3: A.Zr > B.z,. : ~Figure 25j 

it A.rightok 
then tFi.gure 25(b)l 

[ widthcheck2] 
it B.leftok 
then ~Figure 25(c)j 

[ spacecheck2 ] 

~ split A edge l 
A.z, +- B.z,. 
( This is B's place to settle l 
A +- ... B; A.PR +- 01; B.PR +- tO 

3.2: A.z1 < B.z, : i Figure 26- 28~ 

( There is an upward limb at the left of Bi 
B.leftok +- 1; B.z. +- B.z, 

3.2.1: A.:r:,. = B.z.,. :(Figure 26~ 
if A.rightok 
then ~Figures 26(a) and (b)! 

(widthcheck2; spacecheck2] 
endif 

~ split A edge J 
A.:z:,. +- B.z1; A.ri.ghtok +- 0 

-eo-



3.2.2: A.:r;,. > B.:r;,.: (Figure 27(a) and (b)l 

~The situation depisted in Figure 27(c) 

is not possible as the A edge would 

have been split at B.~ when 

edge c went over it l 
if A.rightok 

then ~ Figure 27( a)! 
wi.dthcheck2 

endif 
spacecheck2 f must be a limb l 
~ split A edge discarding the segment 

A.z, to Bz, ~ 
A.z, +- B.z,. 

3.2.3: A.:r;,. < B.:r;,.: !Figure 28J 

! split A and B retaining segments 

b and d. {Figure 28) l 
A.rightok +- 0 

(A.:r;,. .B.::, ) t- { B.z, , A.z,.) 

l This ends the case A.UD = O! 

l Begin last case to consider j 

4: A.UD = 1: 

! At this time, A.PR = 01, B.PR = 10, and A.'lJD = lj 

~ a I 'WI 
I I 

11111/1111!/11/ 

~ 
A• rightok• l 

(a) 

I a i /w/ 
I i/lt/11111 I 

1/ffl.' 

1/l/1!////l/1 -,-
A.rightok• l 

(b) 

-21-
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U l 
i I 

I II' I I 
;! B 

111/llll!lfl c 
{.-:-:7i"r!7' 

11111111111/1111 I I I I I I Ill/ dt JJJJJJJJ/ 

(b) (e) 

iL. I' iii/ I I II/I.' I il I IIIII I 

llll!ll.'aiil(!.'ljl'l'!> '1/lffl 

j • 

... 

B 

111//11 /Iiiii ... 
11;-1:-:l~i ,~,:-:1":"11:-:/~1 

I !Ill I I I I I I,, 

!11/i!l!l//1 

B•ud !'! l 

(a) (b) 

... I' !1;17711 

11/1/lll/11/1/ 

B·ud • l 

(a) 

I I I" I 1.' I 3 

1/Jiiluuul,, 
... 

(a) 

Flgure30 

3 //llj!"'l''t":ttt.' 1 1! 

-~ 
. ; ,·' I j'' 

Figure 31 

If. II I I II llil 

111111111 

(b) 

1!1111/11!/11/ B 

lll/lll/1//,/{//lt//ll/lill/ ... 

<o> 

~-\ ,·/ .. .'I.'/;. //I 
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then ~ remaining edges are too far 
from A to cause errorsi 

[it A. WE or A.SE 

then A.PR +- 00 

else A.PR = 11] 

else 

case 

4.1:A.z, ~ B.z1": !Figure 29j 

if not [(B.UD=1 and B.::,. =A.z,) 

or A.z, - B.z,. ~ s] 
then 

[A.SE +- 1; B.SE +- 1] 

t This is B' s place to settle j 
A c- ... B; A.PR ..... 01; B.PR +- 10 

4.2:A . .:l7 ~ B..:z;. : ~Figure :30 j 

if not [B.UD = 1 and B.z, = A.:~:r 
or B.:, - B.zr C!: s J 

then 
[A.SE c- 1; B.SE +- 1] 

4.3:eJse: ~Partial overlap (Figure 31). So, B.UD = 0~ 
A.SE +- 1; B.SE +- 1 

case 

4.3.1: B.z,. < A . .:l:T:!Figure 31(a) and (b) J 

! split AJ 
A.z, +- B.z,. 
A ...... B; A.PR +- 01; B.PR"' 10 

4.:3.1: B.z1" ~ A.x.,. :!Figure :31(c) and (d)i 

A.PR +- 00 

-23-



! The remaining spacing errors involVing the left 
part of the A edge in Figure 31(b) and (d) will 

be detected when handling vertical edges l 

end case 
end. 

8.3 Performance 

end case 

Under the assumption that the sort arrays and DRC are large enough to 
accommodate all the edges, the sort time and the DRC time 1s linear in the 
number of the edges in all the polygons. Furthermore the time spent extracting 
the errors !rom the sort arrays is effectively overlapped with the DRC process
ing. 

In practice, or course, no matter how large the sort arrays and DRC. there 
will be times when the number of the edges to be handled will exceed the capa
city of the systolic arrays. In these circumstances, the layout may be parti
tioned into vertical slices for SA."( and horizontal slices for SAY (Figure 32). By 
ensuring that adjacent slices overlap by at least max!s. d~ we ensure that no 
erroneous reporting will occur. The checks may then be performed for each 
slice independently. 

7. Conclusions 

We have demonstrated the potential of systolic· architectures in the design 
automation O.eld. While our design of a DRC several simplifying assumptions, 

vl .,3 - -.. . , .. 
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these may be relaxed at the expense of the increased complexity. In particular, 

the assumptions about well formed polygons (Figure ~ and Manhattan vs 

Euclidean distance (Figure ~are trivially removabe. 
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ABSTRACT 

The modelling of reactors for chemical vapor deposition (CVD) of thin solid 

films is reviewed. Both production and experimental reactor systems are consid

ered. The discussion of production equipment centers on conventional horizontal, 

barrel, and tubular reactors while the treatment of experimental systems focuses 

on rotating disk and stagnation point flow reactors. The analogies between CVD 

and heterogeneous catalysis are pointed out and also illustrated through a 

modelling study of the multiple-wafer-in-tube low pressure CVD reactor. The 

reactor model is shown to be equivalent to a fixed bed reactor model. The depo

sition of polycrystaline Si from SiH4 is considered as a specific example. The 

model predicts experimental observations and provides quantitative comparison 

with experimental data from reactor studies. 



Chemical vapor deposition (CVD) is one of the fundamental proces
ses in the microelectronics industry where it is used to deposit 
stable, thin solid films. The terms "chemical" and "vapor" derive 
from the fact that the solid film is deposited by chemical reac
tions of gaseous components. This distinguishes CVD from physical 
deposition processes such as sputtering and gives the process its 
flexibility. In the microelectronics industry CVD is used to grow 
a wide range of thin solid films which serve as dielectronics, 
conductors, passivation layers, dopant sources, and oxidation bar
riers. These films in turn form the basis for many different 
electronic devices including semiconductor memories, semiconductor 
lasers, light detectors, power transistors, and microprocessors. 
CVD is well established in the growth of the basic silicon derived 
electronic materials: polycrystalline Si, epitaxial (doped) Si, 
Si02, and Si3N4. In addition, the process is gaining importance 
in the formation of the next generation of materials based on 
III-V compounds (e.g. GaAs, InP, and AlGaAs) which currently find 



use in optoelectronic devices. 
Chemical vapor deposition is not restricted to the microelec

tronics industry. It is the key process in the fabrication of 
optical fibers where it enables grading of the refractive index as 
a function of the radial position in the fiber (1). In the manu
facturing industry the technique provides coatings with special 
properties such as high hardness, low friction, and high corrosion 
resistance. Examples of CVD reactions and processes are given in 
Table 1. 

Table 1 

TYPICAL CHEMICAL VAPOR DEPOSITION SYSTEMS 

System 

Halide transport 

Organometallic CVD 

Low pressure CVD 

Plasma enhanced CVD 

Photochemical vapor deposition 

Overall Reaction 

WF6 + H2 + W 
SiCl4 + H2 + Si 

Al(C4H9)3 + H2 + Al 
Ga(CH3)3 + AsH3 + GaAs 

SiH4 + Si 
SiH4 + N20 + Si02 
SiH4 + NH3 + Si3N4 

SiH4 + Si:H (amorphous) 
SiH4 + NH3 + Si3N4 

SiH4 + N 0 ~ 2 Hg 

SiH4 + NH3 ~~ 

The widespread use of CVD is due to its many advantages. (i) 
Gaseous reactants are easier to handle and keep pure than are liq
uids or melts. (ii) The substrate can be cleaned before deposi
tion by a slight etch with a reactive gas. (iii) The film is 
formed at temperatures well below its melting point, especially in 
plasma or photo-enhanced CVD, where film temperatures typically 
are a few hundred degrees. (iv) The growth of an epitaxial layer 
on top of another single crystalline material with differing lat
tice parameters (i.e. heteroepitaxy) can be realized by varying 
the composition of the growing film so that the lattice parameters 
change smoothly across the interface between the two materials. 
(v) Similarly, donor/acceptor concentrations in the film may be 
controlled by varying the gas phase composition. (vi) In contrast 
to sputtering methods, CVD provides good step coverage, which is 
particularly important since patterns are etched and subsequently 
covered by new layers during the processing of a device. 



To effectively exploit the above advantages it is necessary to 
have a detailed understanding of the chemical and physical rate 
mechanisms underlying CVD. These encompass mass transport in the 
gas phase by convection and diffusion, homogeneous as well as het
erogeneous reactions, and heat transfer by both convection and ra
diation. The situation is further confounded by complex flow 
fields and boundary conditions. The formation of Si02 from SiCl4 
exemplifies the importance of knowing the role of each rate pro
cess. The heterogeneous reactions are necessary to grow thin Si 
films for bipolar devices, while homogeneous nucleation of Si02 is 
essential in the production of optical fibers. 

There exists a considerable literature on CVD (2) but rela
tively few attempts have been made to combine chemical and physical 
rate processes to give a complete representation of the deposition 
process. Most CVD studies have focused on demonstrating the growth 
of a particular material or crystal structure. However, the com
bined analysis is necessary in order to design CVD reactors where 
it is possible to deposit thin films of constant thickness and 
uniformity across an entire wafer. This is particularly important 
in the realization of submicron feature sizes for Very Large Scale 
Integrated Circuits. The further development of devices based on 
III-V compounds also depends on CVD reactor design improvements 
since the composition and thus the electronic properties of these 
materials vary considerably with process conditions. 

Chemical vapor deposition and heterogeneous catalysis share 
many kinetic and transport features, but CVD reactor design lags 
the corresponding catalytic reactor analysis both in level of so
phistication and in scope. In the following we review the state of 
CVD reactor modelling and demonstrate how catalytic reactor design 
concepts may be applied to CVD processes. This is illustrated with 
an example where fixed bed reactor concepts are used to describe a 
commercial "multiple-wafers-in-tube" low pressure CVD reactor. 

CVD Reactors 

Figure 1 illustrates conventional CVD reactors. These reactors 
may be classified according to the wall temperature and the depo
sition pressure. The horizontal, pancake, and barrel reactors are 
usually cold-wall reactors where the wall temperatures are consid
erably cooler than the deposition surfaces. This is accomplished 
by heating the susceptor by external rf induction coils or quartz 
radiant heaters. The horizontal multiple-wafer-in-tube (or boat) 
reactor is a hot-wall reactor in which the wall temperature is the 
same as that of the deposition surface. Therefore, in this type 
of reactor, the deposition also occurs on the reactor walls which 
presents a potential problem since flakes from the wall deposit 
cause defects in the films grown on the wafers. This is avoided 
in the cold-wall reactors, but the large temperature gradients in 
those reactors may induce convection cells with associated prob
lems in maintaining uniform film thickness and composition. 
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There have been a number of modelling studies; in particular 
horizontal and barrel reactors have been considered. However, the 
usefulness of these models in the optimization of reactor design 
and operating conditions is limited by many simplifying assump
tions which bring empirical constants into the modelling equations. 
Shepherd (2) described the deposition of Si from SiCl4 in a hori
zontal reactor assuming a parabolic velocity profile, linear tem
perature variation, and diffusion to the susceptor surface while 
neglecting the change in gas phase concentration in the flow di
rection due to the depletion of reactants. Rundle (~) included 
this axial depletion of reactant, but assumed a plug flow and ne
glected temperature variations. 

Bradshaw (6) and Eversteyn et al. (7,8) considered a stagnant 
layer of fluid-adjacent to the suscepto~oupled with a well-mixed 
main flow region between the upper end of this layer and the reac
tor wall. Eversteyn et al. combined the diffusion equation for the 
stagnant layer with a plug flow model for the main flow region. An 
empirical relation was used to predict the thickness of the layer 
as a function of the gas velocity. The major result of this so
called stagnant layer model was the prediction that if the suscep
tor were tilted at a small angle to the horizontal, the uniformity 
of silicon growth rates through the reactor would be substantially 
improved. This improvement is due to a stabilization of the flow 
and a thinning of the boundary layer. The latter effect only en
ters into the modelling equations through the empirical correlation 
of layer thickness and gas velocity. In fact, the stagnant layer 
model incorrectly predicts that the reactor efficiency passes 
through a minimum and then increases with increasing gas velocity 
while the efficiency should approach zero in the limit of very 
large flow r~tes. 

The stagnant layer concept originated from flow visualization 
experiments with Ti02 particles showing an almost particle free 
layer close to the susceptor and natural convection cells in the 
main gas stream. This was interpreted as evidence for a stagnant 
layer, but because of the large temperature gradients in the reac
tor, the particle free layer more likely arises from thermodiffu
sion of Ti02 particles away from susceptor (2). Takahashi et al. 
(10) have also observed natural convection structures in a hori
zontal CVD reactor. They present finite difference simulations of 
velocity and gas phase concentration profiles for pure laminar flow 
and for the spiralling flow caused by natural convection effect. 
Unfortunately, as was the case with previous investigators, they 
limit the analysis to cases where the surface reaction rate is 
very large so that mass transfer to the surface controls the depo
sition process. However, both kinetic and transport effects are 
important in the majority of CVD processes. 

The two major modelling approaches based on either boundary 
layer approximations or well developed laminar flow have also been 
applied to the barrel reactor. Dittman (11) used a Chilton
Colburn analogy for flow over a flat plat~to predict Si growth 



rates, but such an approach is limited to the mass transfer con
trolled regime and the specific reactor for which the correlation 
is developed. Fujii et al. (12) split the annular flow region into 
three concentric layers where-convection dominates in the central 
one and diffusion governs the transport in both the layers next to 
the wall and the susceptor. By adjusting the relative thickness 
of the layers the authors could match experimental data. Again, 
this type of approach only applies to the reactor at hand and pro
vides no new insight into the deposition process. Manke and 
Donaghey (13) assumed fully developed laminar flow and treated the 
mass transfer in the annular region between reactor wall and sus
ceptor as an extended Graetz problem neglecting all kinetics. 

The so far most complete analysis of the barrel reactor is 
given by Juza and Cermak (9,14) making use of the 2D momentum, 
mass, and energy balances to demonstrate the development of the 
transverse velocity, concentration, and temperature profiles along 
the susceptor. They include overall surface kinetics for the sur
face reaction: SiCl4 + 2Hz + Si + 4HC1, and by comparison with 
the previous studies they demonstrate the importance of kinetic 
effects. They also show that thermodiffusion should be included 
because of the steep thermal gradients and the large difference in 
molecular weight between Hz and Si-species. The gas phase reac
tions associated with Si deposition from SiCl4 (cf. (15)) are not 
included in the analysis although they influence the growth rate 
predictions. 

Experimental Reactor Systems 

There have been several experimental studies using the horizontal 
reactor, but most of these have been limited to simple measurements 
of film thickness. Only a few studies have been performed on the 
gas phase, notably by Sedgwick, Ban, and their coworkers. Sedgwick 
et al. (16) used laser Raman scattering techniques to measure the 
transverse concentration and temperature profiles in a horizontal 
reactor. Ban et al. (15,17) determined gas phase contractions by 
mass spectrometry. However, the horizontal reactor is not suitable· 
for mechanistic studies of CVD since it is virtually impossible to 
separate physical and kinetic rate processes for this complex re
actor geometry. On the other hand, rotating disk or stagnation 
point flow reactors are attractive for detailed investigations 
since the hydrodynamics are characterized. Thus, the use of these 
configurations makes it possible to decouple the transport effects 
more accurately from the chemical kinetics. 

The rotating disk has long been used to study electrochemical 
reactions and has also found early use in CVD (18). Sugawara (19) 
has presented an analysis of epitaxial growth o~Si from SiC14.-
His treatment includes natural convection but is limited to mass 
transfer controlled deposition and equilibrium distributions in 
the gas phase. Pollard and Newman (20) detail Si deposition on a 
rotating disk treating the multicomponent mass and heat transfer 



problem and including simultaneous homogeneous and heterogeneous 
reactions. In addition, the physical parameters vary across the 
deposition zone. Their treatment clearly demonstrates that both 
homogeneous and heterogeneous reactions are important in CVD of Si, 
but they observe some discrepancy between model predictions and ex
periments presumably because of poorly known kinetic constants and 
natural convection effects. Hitchman et al. (21,22) also consider 
the rotating disk reactor and find that the inlet gas flow perturb 
the ideal fluid flow pattern. They hypothesize that the difficulty 
of rotating disk CVD experiments to confirm to theoretically pre
dicted flow patterns could be caused by this inlet effect which is 
not apparent in liquid phase systems. 

The stagnation point flow reactor, where the flow impinges on 
the heated substrate, appears to be an attractive alternative to 
the rotating disk configuration. There is no ambiguity in the way 
the gas is introduced into the deposition region. Moreover, nat
ural convection driven instabilities may be avoided by inverting 
the reactor so that the buoyancy force and the inlet gas velocity 
point in the same direction. Donaghey (23) discusses the use of 
the stagnation point flow in crystal growth and reviews several CVD 
applications. The contributions by Wahl (24,25) seem to be the 
most significant. He solves the two-dimensional momentum, species, 
and energy balances for an incompressible gas flow in an enclosed 
stagnation point flow reactor by using finite differences. The 
model predictions compare well with flow visualization experiments. 

The conventional stagnation point configuration, where the gas 
flows downward, has been used in several CVD studies. However, 
none of these researchers seem to have accounted for the fact that 
in a region close to the flow axis, the surface of the stagnation 
plate is "equally accessible" to transport implying that the film 
growth rate is independent of the radial position. Graves and 
Jensen (26,27) have recently analyzed this case detailing the 
transformation of the general partial differential modelling equa
tions to a set of ordinary differential equations. These are in 
turn solved by a Galerkin finite element technique. The authors 
consider various general chemical mechanisms for film growth to 
demonstrate how the stagnation point flow configuration may be 
used to distinguish whether homogeneous or heterogeneous reactions 
dominate the overall deposition process. 

Low Pressure CVD Reactors 

Low pressure CVD (LPCVD) has become a dominant process in the 
growth of thin films of microelectronic materials. It is widely 
used to deposit thin films of polycrystalline Si, Si02, and Si3N4. 
In addition it has been demonstrated for deposition of metals, 
specifically A1 and w. The process is carried out in tubular, hot 
wall reactors where the wafers are placed perpendicular to the 
flow direction as illustrated in Figure 2. The very large packing 
densities that can be realized in LPCVD reactors without adverse 
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effects in film uniformity are possible because of the reduced 
pressure c- 1 torr) where the diffusion coefficients are three 
orders of magnitude larger than at atmospheric pressure. This 
implies that the chemical reactions at the surface of the wafers 
are rate controlling rather than mass transfer processes. More
over, in spite of the low pressures, rates of deposition in LPCVD 
reactors are only an order of magnitude less than those obtained 
in atmospheric CVD since the,reactants are_used with little or no 
dilution in LPCVD whereas they are strongly diluted in the conven
tional cold wall processes reviewed above. 

There appear to have been few modelling efforts for hot-wall 
LPCVD reactors. Gieske et al. (28) and Hitchman et al. (29) pre
sent experimental data and discuss flow fields, mass transfer 
effects, and possible kinetics in rather general terms. A recent 
model by Kuiper et al. (30) cannot account for diffusion in the 
spaces between the wafer~and the significant volume expansion 
commonly associated with LPCVD processes. Furthermore, it is 
restricted to isothermal conditions and plug flow in the main flow 
region in spite of the large diffusivities associated with LPCVD. 

In the following we present a detailed model of the commercial, 
multiple-wafer-in-tube reactor illustrated in Figure 2. We have 
selected the LPCVD as an example because of its central role in 
the microelectronics industry and because it nicely demonstrates 
the analogies to heterogeneous catalytic reactors, in particular 
the fixed bed reactor. 

LPCVD Reactor Model 

The modelling approach behind the LPCVD reactor model is not re
stricted to any specific deposition kinetics. However, to limit 
the algebraic complexity and to be able to compare model predic
tions with experiments we consider the simplest major deposition 
process, the deposition of polycrystalline Si from SiH4. The 
model is based on the following kinetic mechanism: 

SiH4(g) * SiH2(g) + H2(g) 

SiH2(g) * SiH2(ads) 

SiH2(ads) + Si(s) + H2(g) 

and it is assumed that the surface reaction is rate controlling 
and follows the rate expression: 

f) k PSiH 
U\ - 4 

1 + K1PH + K2PSiH 
2 4 

(1) 

This particular form may be justified by the experimental observa
tions: the rate is inhibited by H2, first order in SiH4 at low 
SiH4 partial pressures and approaches zero order in SiH4 at high 



partial pressures (31). The details of the development of the 
model are given in ref. (~) and follow the same approach as com
monly used in modelling fixed bed reactors. The complete descrip
tion of the physicochemical processes in the tubular LPCVD reactor 
entails partial differential equations in the radial and axial 
coordinates. However, at low pressures the time scale associated 
with deposition is of the same order or larger than that for dif
fusion so that one may assume perfect radial mixing in the narrow 
annular flow region. Similarly, since the wafer spacing is small 
compared to the radius of the wafer, we may neglect variations in 
the axial direction within each cell formed by adjacent wafers. 
Under those conditions the reactor equation takes the form: 

R2 

lRt(l+a) + 6w nj~(x(z)) = 0 

(2) 

where ~ =- (l+€)2 (i )0.65 
(l+Ex) o 

and the boundary conditions are: 

D dx 
0 dz 

= v (1 + X€)x 
0 0 

~ 
dz 

= 0 (3) 
L 

Here x is the conversion of SiH4. ~ combines the effect of the 
molar expansion in the deposition process as well as the change in 
the volumetric flow and the dispersion coefficient, D, with temper
ature. At low pressures and small Re in LPCVD reactors the dis
persion occurs mainly by molecular diffusion, therefore, we have 
used (D/D0 ) = (T/T0 )1.65. € is the expansion coefficient and the 
stoichiometry implies that € = (xt)o, the entrance mole fraction 
of SiH4. The expansion coefficient, € is introduced as originally 
described by Levenspiel (33). The two reaction terms refer to the 
deposition on the reactor-wall and wafer carrier and that·on the 
wafers, respectively. The remaining quantities in these equations 
and the following ones are defined at the end of the paper. The 
boundary conditions are equivalent to the well known Danckwerts' 
boundary conditions for fixed bed reactor models. 

The reaction and diffusion of SiH4 between the wafers is 
governed by the continuity equation: 

D c (!...)0.65 .!. !.._ (-r- ~) + l 9(( (r)) = 0 (4) 
o o T r dr l+Ex dr ll X 

0 

with the boundary conditions: 

~ 
dr 

= 0 (5) 
0 



method has been applied successfully to fixed bed reactor problems 
(37 and references within) and the solution to the LPCVD reactor 
case is similar (32). Here we turn to the comparison of model 
predictions with experimental observations. 

Model Predictions 

Since detailed kinetic data for the deposition of Si from SiH4 are 
scarce and somewhat contradictory, the kinetic parameters are eval
uated from experimental data in ref. (31). Figure 3 shows the ex
perimental data and the predicted growth rates. The model pre
dicts the decrease in growth rates along the reactor length due to 
depletion of SiH4 as well as the inhibiting effect of increased H2 
concentration. 

In addition to providing a fit to specific experimental data, 
a good mathematical model should also predict process performance 
over a range of conditions. Therefore, to test our LPCVD model, 
the same kinetic parameters were used in the analysis of deposi
tion data obtained by Rosler (36) with a different LPCVD reactor 
and at two orders of magnitude:farger SiH4 concentrations. Figure 
4 illustrates the measured growth rates and the predicted ones for 
a ± 15% change in SiH4 feed rates around the base case of 47 SCCM 
pure SiH4 feed. The reactor temperature is increased along the 
length of the reactor by using a three-zone furnace to produce a 
nearly uniform thickness profile in the base case. The model 
accurately predicts the trends in the experimental data. When the 
feed rate of SiH4 is stepped up 15%, the growth rates increase 
along the length of the reactor sice there is an excess of reactant 
available relative to the base case. A flat thickness profile 
could clearly be achieved by lowering the temperature gradient 
along the length of the reactor. Analogously, if the flow of SiH4 
is dropped, the rates of deposition tail off. The slight wavelike 
appearance of the model predictions arises from the compensation 
of decreasing reactant by a piecewise linearly increasing reactor 
temperature. 

The ultimate goal in LPCVD deposition of polycrystalline Si is 
to grow Si films with constant thickness and material properties. 
Because of the distributed nature of the LPCVD reactor, it is nec
essary to vary the wafer temperature along the length of the reac
tor to at least approach this goal. A continuously stirred tank 
reactor would give uniform films, but there are particulate and 
wafer loading problems associated with the design and operation of 
a CSTR reactor. On the other hand, these problems are avoided in 
the tubular LPCVD reactor. By recycling a fraction of the reactor 
effluent to the reactor inlet one can combine the benefits of the 
CSTR and the conventional LPCVD reactor. This modification pro
vides highly uniform films as shown in (32) along with additional 
comparison of model predictions and experimental data. 



G 
R 
0 
w 
T 
H 

R 
A 
T 
E 

A 
N 
G 

M 
I 
N 

30 

•• • X = 0 
H2 I 

I 
25 X XH = 0.25 1 

2 I 
I 

... i 
XH = 0. 995 l 

• 2 I 

20 

15 

10 

5 

0.0 0.2 0.4 0.6 0.8 1 . e 

REACTOR POSITION 

Figure 3. Model Predictions (solid line) vs. Experimental Data of Growth Rate 
Profiles as Function of Inlet H2 Concentration.· x5 .H = 0.0047 (32). 

~L4 -



where the center boundary condition is the usual symmetry condi
tion. The factor 1/(1+€X) comes about because of the increase in 
the number of moles in the deposition reaction. The quantity n, 
connecting the descriptions for the flow region (2) and the wafers 
(4) is defined as: 

R 
2 w 

n =-I r 
R2 0 

w 

(6) 

It plays the same role as the effectiveness factor in heterogeneous, 
catalysis and is a measure of the film thickness uniformity. It 
represents the ratio of the total reaction rate on each pair of 
wafers to that we would obtain if the concentration in the cell 
formed by the two wafers were equal to the bulk concentration 
everywhere. Thus, if the surface reaction is the rate controlling 
step, n = 1, whereas if the diffusion between the wafers controls, 
n < 1. In the limit of strong diffusion resistance the deposition 
is confined to a narrow outer band of the wafers and a strongly 
nonuniform film results. 

As in the analysis of catalytic reactions we make the model
ling equations dimensionless and establish the characteristic 
dimensionless parameter combinations associated with the 1PCVD 
process. By defining: 

21 Rt (l+a) 
?<cx=O) , na2 

21 R
2/t. ~Cx=O) Da1 
w = = 2 2 v (R2 2 

v o (Rt - Rw)clO Rw)c10 0 t 

~ Cx) v 1 
g(x) , Pe 

0 
(7) 

= ~ Cx=O) 
=--

D 
0 

z r ~2 = 
2R

2 ~(x=O) 
I; ~ 

w =- =-1 R ( I )0.65-w t.c10°1m0 T To 

the reactor equation (2) then takes the form: 

.L ( 111 dx) + Pe dx - Pe(Da
1 

+ n na
2

)g(x) = o 
dl; dl; dl; 

(8) 

with boundary conditions: 

!x = Pe(l + x(O)€)x(O) and ~ = 0 
dl; 0 dl; 1 

(9) 

and 
1 

n = 2 I ~ g(x(~)) d~ 
o g(xb) 

(10) 



The reaction-diffusion problem (4) governing the wafers becomes: 

1 d ( ~ dx) 2 ( ) 1 d~ 1 + €X d~ + ~ g x< ~) = 0 (11) 

with boundary conditions 

= 0 (12) 
0 

In these equations the Damkohler numbers Da1 and Da2 represent 
the ratios of reactor space time to the characteristic time for 
deposition on the reactor wall and on the wafers, respectively. 
Pe is the axial Peclet number which represents the ratio of the 
time constant for convective transport to that for diffusive 
transport. The parameter, ~, is equivalent to the Thiele modulus 
used extensively in analysis of heterogeneous reactions. It de
notes the ratio of the characteristic time for diffusion in be
tween the wafers to the characteristic time for deposition of Si 
on the wafer surfaces. Thus, if ~ is large the deposition is hin
dered by diffusion and a nonuniform film results. This effect is 
completely analogous to that of a large Thiele modulus for a por
ous catalyst. In fact, the modelling equations (8-12) are com
pletely equivalent to those for a heterogeneous one-dimensional 
dispersion model for a fixed bed reactor with intraparticle resis
tance in the catalyst phase (cf. (34)). Thus, the extensive lit
erature on the behavior of fixed bed reactors can readily be ap
plied to the LPCVD reactor. For example, for large Pe the reactor 
will behave as a plug flow reactor and large differences in film 
thickness between the front and the back of the reactor may be 
expected. While for small Pe the reactor resembles a continuous 
stirred tank reactor (CSTR) and the film thickness should then be 
nearly uniform through the reactor. 

The similarity between the wafer problem (11-12) and the cy
lindrical catalyst particle problem has already been mentioned. 
For an isothermal first order reaction with negligible volume 
change it is possible to solve (11-12) analytically and evaluate 
n (35, p. 114). Hence, one can determine a priori the necessary 
wafer spacing to obtain uniform film growth across each wafer, 
i.e. n ~ 1. In commercial reactors the spacing is typically 3/16" 
(4.7 mm) which corresponds to the spacings in the cassettes used 
to store the wafers between process steps. This spacing exceeds 
the one necessary to ensure uniform growth in polycrystalline Si 
deposition. At the low pressures encountered in LPCVD, Knudsen 
diffusion becomes important with wafer spacings < 2 mm. For faster 
surface reactions than those involved in Si deposition, the dif
fusion of reactants between wafers could be rate controlling with 
standard 3/16" spacings. This appears to be the case in some Si02 
and Si3N4 deposition schemes (36). 

The modelling equations (8-12) form two nonlinear boundary 
value problems which we solve by orthogonal collocation. This 
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Conclusions 

Chemical vapor deposition is a key process for thin film formation 
in the development and manufacture of microelectronic devices. It 
shares many kinetic and transport phenomena with heterogeneous 
catalysis, but CVD reactor design has not yet reached the level of 
sophistication used in analyzing heterogeneous catalytic reactors. 
With the exception of the tubular LPCVD reactor, conventional CVD 
reactors may be viewed as variations on the original horizontal 
reactor. These reactors have complex flow fields and it is conse
quently difficult to control and predict the effect of operating 
conditions on the film thickness and composition. 

The LPCVD reactor example illustrates that chemical reaction 
engineering concepts can readily be applied to CVD processes. 
Moreover, the similarity between the LPCVD reactor model and fixed 
bed reactor models means that it is possible to predict qualita
tively the effect of operating conditions on the film growth with
out solving the modelling equations. The good quantitative agree
ment of model predictions with experimental observations further 
supports the modelling approach. The model also provides the 
ability to estimate kinetic parameters and to predict process con
ditions where variations in film thickness and composition are 
minimized. 

The treatment in this paper has focused on Si derived mater
ials since these are the most widely used materials in the micro
electronics industry. However, the modelling approach can be also 
applied to the new III-V semiconductors. In fact, because of high 
demands on film thickness and composition uniformity in these sys
tems this promises to be an area where chemical reaction engineer
ing could play a major role. 
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Legend of Symbols 

co 
D 
Dim 
Da1, Da2 
g(x) 
k, K1, K2 
L 
Pe 
r 
R 

~ 

total inlet concentration 
dispersion coefficient ~ Dlm 
diffusivity of component i in the gas mixture , 
Damkohler numbers. see eqn. (7) 
dimensionless rate see eqn. (7) 
rate constants see eqn. (1) 
reactor length 
Peclet number see eqn. (7) 
radial coordinate 
gas constant 
reaction rate see eqn. (1) 



Subscripts 

b 
1 

radius of wafer 
radius of reactor tube 
temperature 
linear velocity in annulus 
mole fraction component i 
axial coordinate 
area of wafer carrier relative to reactor tube area 
wafer spacing 
volume expansion coefficient 
dimensionless axial coordinate see eqn. (7) 
effectiveness factor see eqn. (6) 
dimensionless radial coordinate see eqn. (7) 
Thiele modulus see eqn. (7) 
conversion 
see eqn. (2) 

bulk conditions 
SiH4 
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Figure 1. Typical CVD reactors. 

Figure 2. LPCVD reactor system. 

Figure 3. Model predictions (solid line) vs. experimental 
data of growth rate profiles as function of inlet Hz concen
tration. xSiH

4 
= 0.0047. 

Figure 4. Model predictions (solid line) vs. experimental 
data of film thickness profiles as a function of (pure) SiH4 
flowrate. 
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ABSTRACT 

Single-particle tunneling measurements have been used to study the para

magnetic, superconducting and ferromagnetic phases of polycrystalline films 

of the reentrant superconductor ErRh4B4. Anomalous features of the tunneling 

conductance in the ferromagnetic phase which persist into the superconducting 

state have been observed. These features seem intimately connected with the 

onset of ferromagnetism in the region of coexistence of ferromagnetism and 

superconductivity just above Tc2· 
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ErRh4B4 (ERB) is a remarkable compound which at different temperatures is 

a normal paramagnet (T >Tel ~ 8 K), a superconductor (I K ~ Tc2 < T <Tel) or 

a normal ferromagnet (T < Tc2). 1 Neutron scattering experiments in single 

crystal ERB have recently revealed that uniform ferromagnetic ord~r and super

conductivity coexist near, but above Tc2. 2 Furthermore. peaks in the low-angle 

scattering were interpreted as evidence for a spatial modulation of·the 

alignment of the Er3+ moments with a wavelength of about 100 A, which disappears 

when superconductivity vanishes at Tc2. This so-called spin periodic phase3 

has also been observed by the same technique in polycrystalline samples of 

ERB, 4 as well as in the other reentrant superconductor HoMo 6s8. 5 

However, the interpretation and understanding of these results near Tc2 
have been strongly dependent on ·a set of theoretical assumptions, which have not 

yet been independently verified. It wouid therefore be highly useful to 

investigate in detail the same regime using alternative modalities. In this 

letter we present single-particle tunneling measurements on thin film 

ERB-Lux0y-Sb junctions, over a temperature range (0.6 K - 15 K) that spans all 

three regimes. In addition to features that might be ~xpected in a reentrant 

superconductor, the conductances G(V) of these junctions exhibit a series of 

very narrow anomalous features near Tc2' which have not previously been reported. 

There is as yet no theory to account for these sharp resonant peaks in the 

tunneling spectrum. However, the very existence of such well-defined character

istics in a number of junctions (5 junctions on two ERB films), strongly suggests 

that they are intimately connected with the nature of ERB and its reentrance 

from the superconducting to the ferromagnetic state. Towards the end of the 

paper we will speculate on some possible explanations of these features. 
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Single-particle tunneling provides a probe of the electronic density 

of states and of the excitations which couple to the electrons. It must be 

emphasized that the volume probed lies near the surface up· to a depth of the 
0 

coherence length (~ 150 - 200 A in ERB) when superconducting, and less when 

normal. The junctions reported here, with the exception of their (normal) Sb 

counterelectrodes, were identical to ERB-Lux0y-In junctions used to·study the 

Josephson effect. 6' 7 Their ERB electrodes, which were almost single phase, 
0 

were about 4000 A thick and had Tel = 8.1 K and Tc2 = 1.0 K. The widths of these 

transitions were the order of 0.1 K. Below Tc2 the normal electrical resistances 

of the ERB electrodes returned to 96% of their values above Tel' 

In Fig. 1 we plot the conductance G(V) = di/dV for one junction (#JB2) 

with normal-state resistance RN = 23 Q, for T between 0.6 K and 15 K, showing 

the onset, growth, and collapse of superconductivity. The conductance is seen 

to be very nonlinear near zero bias even in the paramagnetic normal state 

above Tel' .The peak associated with the opening of the superconducting gap 

develops on top of this anomalous normal state of conductance. The estimated 

maximum value of the energy gap is a(l.6 K) ~ 1.3 mev· (after correction for 

thermal smearing8). This is in rough agreement with the vacuum tunneling of 

Poppe9 on a single crystal of ERB, but much larger than the result of 

Rowell et 21., 10 suggesting a damaged ERB surface or incompletely oxidized 

barrier in the latter case. The sub-gap conductance in Fig. 1 never goes to 

zero in the superconducting state, due to some combination of factors including 

barrier leakage, normal minority phase crystallites, and sub-gap states caused 

by magnetic pair-breaking. However, all junctions showed similar features at 

similar voltages, suggesting that the background conductance can be treated 

as a constant addendum. Below about 1.5 K, the sub-gap conductance begins to 
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rise significantly, but the location of the gap peak does not appear to change 

much until it disappears rather abruptly at T = 1 K. This is suggestive of a 

first order phase transition at Tc2' as has been predicted theoretically. 11 

These results are consistent with studies of the Josephson effect in ERB. 6 

The systematic variation of G(V) with T and Hare discussed elsewhere. 12 

A more detailed plot of G(V) is shown in Fig. 2 forT= 0.7 K, together 

with a higher derivative d2V/di2 oc-dG/dV to bring out sharp (but small) features 

in the conductance. In addition to the broad peak at low voltage (V ~ 0.7 mV), 

note the sharper features out at ~ ±3 mV. This feature, corresponding to a 

resonant peak in the conductance, is actually far narrower than the plot suggests, 

probably narrower than the thermal smearing (~ 50 ~V). The much larger apparent 

width in d2V/di 2 is an artifact of the measuring process, limited by the ac 

modulation (~ 500 ~V) needed to give a large signal-to-noise ratio, As many 

as three additional similar features on either side may be visible, depending on 

the voltage and the temperature. At low temperatures, heating limits the 

accessible voltage range. 

Another remarkable aspect· of these narrow resonances was their extreme 

sensitivity to small magnetic fields. A field of 40 gauss suppressed the 

features significantly, and one of 100 gauss obliterated them entirely. This 

is surprising in that internal fields in ERB at 0.6 K should be greater than 

1000 gauss. 13 Finally, these features not only continue into the ferromagnetic 

state to as low a temperature as we can measure, but they also persist into the 

superconducting phase for T > Tc2. In Fig. 3 we show the temperature dependence 

of these resonance peaks, and for comparison the T-dependence of G(O), the gap 

peak, and the broad ferromagnetic peak (in d2V/di 2) as well. The resonant peaks 

appeat' to be, at least approximately, integral multiples (2x, 3x, and 4x) 
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of the first, and they extrapolate to zero at temperatures~ 1.4- 1.5 K. 

Perhaps significantly, this is close to the temperature at which G(O) exhibits 

a minimum, and also that at which the Josephson current in ERB-In junctions 

reaches a maximum. 6 The resonant peaks cannot be followed all the way up to 

that temperature, as they become smaller and eventually become lost in the 

background. 

Before further discussion of these resonances, we briefly refer to some of 

the theoretical approaches to the problem of coexistence of ferromagnetism 

and superconductivity. In what is generally considered the standard theory, 3 

uniform ferromagnetism cannot coexist spatially with superconductivity. However, 

the spin-periodic phase can coexist with superconductivity, in separate spatial 

domains from the normal ferromagnetic phase. In an alternative approach, 

Tachiki et ~. 14 have emphasized that surfaces behave differently from the bulk, 

and in particular that superconductivity can coexist with uniform ferromagnetism 

within a magnetic penetration depth of the surface. Finally, based on earlier 

microscopic approaches,lS,lG Machida17 has suggested that coexistence may entail 

the presence of a spatially modulated superconducting order parameter, commensurate 

with a spin density wave. Such a spatially inhomogeneous superconducting state 

(SISC) would be characterized by a highly anisotropic density of states, and 

might not even be superconducting in the usual sense. 

The significance of the resonance peaks in the tunneling spectrum is uncertain 

within any of these theories. However, the extreme sensitivity to small magnetic 

fields would by itself appear to rule out phonons, electronic transitions, crystal 

field levels, charge density waves, and even magnons, as the cause of these 

features. A surface state can of course not be ruled out, and would seem to be 

relevant. It is difficult to see how magnetic domains could be responsible for 

these features, and uncertain how the spin-periodic phase would by itself couple 
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to the electronic tunneling spectrum. On the other hand, some sort of anisotropic 

density of states showing sharp features relating to a SISC state· would show .up 

naturally in the tunneling spectrum of a rand~mly oriented-microcrystalline 

sample. Furthermore, such a phase might persist into the 11 normal 11 ferromagnetic 

state. More theoretical guidance would clearly be helpful. 

In summary, we have carried out single-particle tunneling studies in 

polycrystalline ERB films which reveal features in the paramagnetic, supercon

ducting, and ferromagnetic phases of ERB. Anomalous sharp features which are 

thus far without explanation have been observed in the conductance of the ferro

magnetic phase below Tc2 and persist into the superconducting state. Their 

onset seem intimately associated with the onset of magnetic order and the 

destruction of superconductivity, and with the possibility of coexistence. 

The authors would like to thank C.M. Varma, K. Machida, R. Klemm, G, Grest, 

and K. Levin for useful discussions. This work was supported by the ONR under 

contract N00014-78-C-0619, by the NSF under grants NSF /DMR-8011948 and 8015310 

and by the Graduate School of the University of Minnesota. 
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Figure Captions 

Fig. 1. Conductance G(V) vs. voltage for an ErRh4B4-Lux0i-Sb tunnel junction 

(# JB2) at various temperatures. The dashed lines, presented for 

reference, are G(V) for T = 9 K. Data were measured using a constant 

current bridge and synchronous detection to obtain dV/di, which was 

inverted numerically. For the lowest temperatures, the range of 

voltages was limited by heating. 

Fig. 2. Conductance G(V) and d2V/di 2
a: -dG/dV vs. V at T = 0.7 K for the 

junction JB2. The features of d2V/di 2 are broadened by the large 

modulation amplitude (460 ~Vas opposed to 10 ~V for G). 

Fig. 3./ Summary plot of temperature dependences of various features in 

G(V) and d2V/di2 for junction JB2. The zero-bias conductance G(O) 

is represented by small dots, the gap peak in G by 6., the low-voltage 

peak in d2V/di 2 below Tc2 by o, and the four sharp resonances by 

large solid symbols. All features correspond to the left (Voltage) 

axis, except for G{O). 
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ABSTRACT 

A mean-field Landau model with a sixth-order term is employed to 

analyze the x-ray and heat-capacity data along the smectic-A - smectic-C 

(AC) transition line near one nematic-smectic-A - smectic-C (NAC) multi

critical point. Even though this model gives a satisfactory fitting to 

all data along the AC transition line, the coefficients obtained for this 

model suggest that the fluctuations near the NAC point may be important. 



I. INTRODUCTION 

Liquid crystals are organic molecules, anisotropic in shape, 
which have one or more mesophases between the crystalline state 
and the isotropic liquid. Unlike most materials which have a 
strong first order melting transition, the phase transitions be
tween different mesophases, in many cases, can be continuous or 
weakly first order. Liquid crystals therefore provide a rich 
variety of orderings and are excellent systems for studying the 
three dimensional (d=3) aspects of phase transitions or multi
critical points. 

Among the various mesophases, three of them are relevant to 
our discussion here, namely, nematic (N), smectic-A (A) and 
smectic-C (C) phases. In the nematic phase, on average the long 
axis of each molecule (molecular director) is oriented along a 
preferred direction. The center of mass of each molecule is, 
however, free to diffuse throughout the system so that transla
.tional invariance is preserved. The smectic-A and the smectic-C 
phases are characterized by a one-dimensional density wave whose 
vector is along (A) or tilted with respect to (C) the molecular 
director. The molecules maintain translational invariance within 
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the smectic planes. Between these three phases three phase tran
s~t~ons are possible, i.e., NA, AC and NC transitions. In 1973 
de Gennes 1 proposed three theoretical models for these three tran
sitions, respectively. Since then, the NA transition has been the 
most studied. So far the nature of the NA transition is still 
controversial. On the other hand, before the x-ray study by 
Safinya et al. 2 and our heat capacity study 3 it was generally be
lieved that~he continuous AC transition had helium-like exponents 
(n=2,d=3). 4 Our high-resolution heat capacity measurement 
demonstrated that the data could be uniquely described by a mean
field Landau model with an anomalously large sixth-order term.~ 
Subsequently, x-ray, light scattering and heat capacity studies 
on the AC transition of another liquid crystal compound 5 confirmed 
our proposed model. Among these three transitions, the one least 
studied is the NC transition which has been found to be first 
order. In appropriate binary liquid-crystal mixtures it is 
possible to have lines of second order NA and AC transitions 
crossing over to a line of first order NC transitions. The triple 
point where these three transition lines intersect in the 
temperature-composition phase diagram is the NAC multicritical 
point. 6 Figure 1 shm..rs the phase diagram for mixtures of cetyl
and heptyloxy-p-pentylphenyl thiolbenzoate (]551-x- 7SSx). 7 

Extensive experiments have been carried out on this mixture system 
in order to understand the nature of fluctuations near the NAC 
point. B-ll 

Recently there has been considerable interest in phase 
transitions associated with the Lifshitz point (LP), 12 i.e., a 
multicritical point connecting three distinct phases. ~e~hases 
are, respectively, characterized by an order parameter, M(r), 
which is zero (disordered phase), finite but spatially uniform 

c 

.......... 
.......................... 

MOLE % 7S5 in SS5 

........... 
..... ..... 

Fig. 1. Phase diagram near the NAC point. Two solid lines in
dicate continuous NA and AC transitions. The dotted line 
is the first-order NC transition line. 
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(uniformly ordered phase), and spatially varying (mo~ulated phase). 
m denotes the number of spatial dimensions in which M can vary in 
the modulated phase .. The realization of m=2 LP at a NAC point 13 

has stimulated both experimental and theoretical interest. Theo
retically it has been proven that d=3 is the lower critical 
dimensionality for m=2 LP. 1 ~ Consequently, the NAC point is very 
different from m=l LP which has been studied extensively on 
MnP. 15 Here we would like to report results obtained along the 
AC transition line near one NAC point. 

II. DATA ANALYSIS AND DISCUSSION 

Since there can be no long-range order on the uniformly 
ordered-modulated phase boundary in the n=m=d-1=2 LP problem, 
there can be no long-range (layered) ~ositional order on the 
boundary between the A and C phases. 1 Here n is the dimen
sionality of the order parameter. However, in both pure 3

'
5 and 

mixture 16 systems, it has been found that the AC transition can 
be unambiguously described by the following mean-field Landau 
free energy \vith '1' being the tilt-angle in the C phase: 

2 4 6 F = F
0 

+ at'!' + b'l' + c'l' . (1) 

Here F0 is the nonsingular part of free energy, t = (T-Tc )/Tc 
and Tc is the AC transition temperature. a, b and c are positive 
constants for a continuous transition. After minimizing the free 
energy with respect to '1', '1' and anomalous part of the heat capa
city ~C are zero for T > Tc· In the case of T < Tc, one obtains 

and 

'1'2 
= ~ ((1 + 3t'/t ) 112 -1) 3c 0 

a3/2 T 
~c = 

2(3c)l/2 T 3/2 
c 

(T - T)-1/2 
m 

(2) 

(3) 

where t'=-t, to=b2/ac and Tm=Tc(l+to/3). Actually, the full-width 
at half-height of the (~C/T) vs. T curve is t 0 in the reduced 
temperature scale. Furthel2ore, from Eq. (2), if t' << to, then 
'1' is proportional to (t')l/ which represents the critical be
havior for a second order mean-fleld transition. But if t' >> to• 
then '1' is proportional to (t')l/ which is a characteristic of a 
tricritical point. Therefore, the locus of to's will separate 
.the second order transition region from the tricritical region 
in the phase diagram . 

. Using high-resolution x~ray scattering, Safinya ~ al. 8
'

9 
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have measured both tilt-angles and layer-spacings in the C phase 
just below the AC transition line of (ZSS - 7SS) mixtures. Here 
we calculated the ratio (R) 1~~ the measured tilt-angle to the 
quantity [1+3t'/t0)1/2 - I) for each data point. By varying 
both Tc and to, the optimum values of Tc and to are obtained by 
minimizing the relative deviation cr=D/M. Here D is the root-mean
squares deviation of the data from the calculated average ratio 
(M) for a given set of data. This was done with the experimental 
weighting factor for each data point. The same procedure was used 
to obtain Tc and to for the 2-theta shift data (corresponding to 
layer spacings) which are proportional to ~2. This kind of 
fitting scheme was found to be more satisfactory than a simple 
power law fitting in which, in general, one has to discard a good 
fraction of data with large tilt-angles. 16 The optimum values of 
Tc and to for ass and the four mixtures are listed in Table l 
along with other relevant physical parameters. The TAc's obtained 
by this method are consistent with the reported TAc's from a 
power law fitting. 9 · 

TABLE I. The parameters related to the NA and AC transition lines 

Mole % t X 
of 7ss TAC(±SmK)(b) (c) 0 

TAC/TNA 
(d) 

in ass (a) TNA (K) TAG 103(c) cr 

A 328.171 6.4 .044 
0 - 336.08S 328.170 .976S 

B 328.183 7.3 .lOS 

1S A 331.990 326.620 326.618 4.S .9838 .040 

322.603 1.8 .049 
31 A 326.172 322.600 • 9891 ·--

8 322.612 4.7 • .066 

A 323.2S9 0.62 .016 
41 -- 324.163 323.2S8 .9972 

B 323.271 1.6 .049 

A 322.727 0.32 .020 
323.030 322.726 .9991 

42 f-
O.S8 B 322.737 .069 

a) type of measurements. A: tilt angle; B: 2-theta shift 

b) these values obtained from the power law fitting (Ref. 9) 

c) optimum values from our fitting 

d) the minimum cr for the given set of data 
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Th~ fact that heat-capacity data show abrupt jumps at the 
TAc's a~d no discernible fluctuations above the TAc's also suggests 
mean-fi~ld-like AC transitions. Moreover, from the full -widths 
at half-~eight of the heat-capacity anomalies, one obtains to's 
which are sho\m in Fig. 2 as open circles. A reanalysis of x-ray 
data al~o gives t 0 for each mixture as shown with solid dots. 
These r~sults clearly demonstrate that as TAc/TNA increases toward 
1, to monotonically decreases toward zero and the tricritical 
region rthe region with t' >> tn) monotonically increases. 

Fig. 2. 

... 
0 

0 -

TRICRITICAL y 
~ SECOND ORDER v ; TRANSITION REGION 

0.99 0.98 0.97 
TAC/ TNA 

to vs (TAc/TNA). The solid 
through tfie data. 

line is a straight line 

Figure 2 appears to suggest the existence of a mean-field 
tricritical point in the vicinity of the NAC point. A combination 
of x-ray~and heat-capacity7 data allow one to gain further insight 
into the nature of the NAC point along the AC transition line. 
From t 0 = b2/ac, R2 = b/3c and ~CJ = a2/2bTc (the value of the 
heat-capacity jump at Tc), one can calculate the coefficients a, 
b and c associated with the Landau free energy. The relevant 
parameters and the results for a, b and c are shown in Table 2:
Except for the 42% mixture, along the AC transition line the co
efficient a and c do not vary too much and b decreases by about 
a factor of 3 in the 2-theta shift measurement. In the 42% 
mixture a, b and c all show increases above the values for the 
41% mixture, with the 41% mixture having the minimum value of b. 
Consequently, the large increase in a and c and not the decrease 
in b in the 42% mixture causes the further decrease in to near 
the NAC point. This result cannot be easily explained by a 
Landau free energy with coupled order parameters. 16 The fluc
tuation_g'-'hear the NAC point may be responsible for the large 
increase in a and the moderate increase in b and c. Surpris
ingly, the x-ray data for the 42% mixture are also well described 
bythe mean-field expression (Eq. 2) (see Cf's in Table_l). On 
the other hand,. the monotonic decrease in b from pure 8SS to 41% 
also suggest that along the AC line the system has the tendency 
to approach a mean-field tricritical point with b=O. Finally 
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TABLE 2. Coefficients of Landau free energy 

Mole % of fj,C (b) 
R2 

3 a(c) b (c) 
7ss in ass J (a) t 0xl0 

0 5.61 A .0461 6.4 1410 66 

B .0363 7.3 2050 137 

15 5.97 B .0289 4.5 1680 87 

31 6.61 A .0106 1.8 2000 114 

B . 0151 4.7 1410 56 

41 10.75 A . 0101 0.62 1180 24 

B .0198 1.6 1560 42 

42 36.5 A .0073 0.32 2890 42 

B .0109 0.58 3470 62 

(a) type of measurements: A: tilt angle; B: 2-theta shift 

(b) units in R0 (the gas constant), KeF- 7 

(c) units in Joul/mole 

c (c) 

4 70 

1260 

1010 

3580 

1240 

800 

710 

1950 

1880 

the large discrepancy in t 0 and c from tilt-angle and 2-theta · 
shift measurements in the 31% mixture may be due to the presence 
of impurities because TAC for this mixture is lower than that of 
both the 15 and 41% mixtures.~ Simultaneous measurements on the 
tilt-angle and heat-capacity would be invaluable to explore the 
nature of AC transitions near the NAC point. 
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ABSTRACT 

Optimizing general uniprocessor task scheduling is an NP-hard 

problem. For multiprocessor systems, list scheduling is not optimum 

but is easily implemented. Bounds on the total finishing time of list 

scheduling algorithms are known. In this paper we prove bounds on the 

performance of a multiprocessor list scheduling algorithm compared to 

the optimum schedule for the particular problem instance. We consider 

situations of which the system performance is measured by the weighted 

mean task finish time or measured by payoffs that exponentially decrease 

as a functipn of task completion times. For each measure, bounds are 

determined for two cases: 1) all processors can initiate processing at 

the same time, and 2) each processor has a given start time. All four 

problems utilize similar proofs. The proofs and results apply when task 

execution times are known quantities or when they are random variables 

with known probability distributions; the latter case is not discussed 

in this paper. 



1. INTRODUCTION 

The scheduling problem concerns a set of n 
tasks and a set of m homogeneous processors; that 
is, any task could be performed on any processor 
with the same execution time. There is no cost 
associated with "moving» a task from one processor 
to another one for execution at the latter site. 
Though general task scheduling may be constrained 
by precedence relations defining logical dependen
cies among tasks, in this paper we consider a set 
of tasks without precedence constraints. 

The functions Pi(fi) define the amount of 
"payoff" that accrues by virtue of finishing task 
at finish time fi• The cumulative payoff of a 
schedule S is the summation of the payoffs of the 

tasks completed by the system:* 

(1) 

The objective of scheduling is to maximize this 
payoff. In this paper we consider exponential 
payoff functions of the form 

(2) 

* Host summations in the paper are over either 
index i, denoting tasks, or index j, denoting 
processors. To save space we have not written 
index specifications on such summations. 



Here a; and r; are parameters, and we restrict the 
exponential payoff functions in any problem 
instance to have the same inverse "time constant" 

ri • 
Another interesting performance measure is the 

weighted mean finish time of the schedule. Task i 

requires comparisons among many possible schedules 

(making the optimization problem NP-hard). 

2. RESULTS PAST AND PRESENT 

is assigned weight Wi, and the scheduling objective Previous results concerning optimum unipro-

is to minimize the weighted mean finishing time w cessor list scheduling and bounds on multiprocessor 
given by: list scheduling algorithms relate to the new 

w = l: Wi fi (3) 

In this paper we consider non-preemptive sche
dules only. A non-preemptive schedule defines the 
start time for each task in terms of the finish 
times of tasks scheduled beforehand (this phrasing 
covers tasks with random execution times). With 
non-preemption the scheduler never decides to 
interrupt the execution of one task to perform 
another task, even though this can be attractive if 
tasks may arrive for processing while others are 
being executed or if the payoff functions exhibit 
strange behavior(3). Preemption can be attractive 
with other performance measures, such as the length 
of the schedule(!). 

A list scheduling algorithm places all tasks in 
a list before any are executed and then selects the 
task at the head of the list for execution after 
another task has been completed. List scheduling 
algorithms are optimum for scheduling uniprocessor 
execution of tasks with linear or exponential 
payoff functions(3); these results apply whether 
the execution times are known or are random 
variables with known arbitrary distributions. In 
the latter case the expected value of the payoff 
function is used. 

Despite the fact that list scheduling is opti
mum for uniprocessor scheduling, this is not the 
case for multiprocessor systems, even with a 
centralized scheduler that has complete infor
mation regarding the tasks to be executed. This 
paper considers multiprocessor list scheduling for 
several classes of task descriptions and bounds the 
preformance of centralized 1 i st scheduling policies 
in relation to optimum scheduling, which generally 

multiprocessor list scheduling bounds presented 
here. we summarize these results in this section; 
other results concerning scheduling deterministic 
tasks were surveyed by Gonzalez(2). 

If the tasks have known execution times Ti and 
1 inear payoff functions, the optimum uniprocessor 
schedule is a list schedule ordering the tasks by 
the values of the ratios Ti/Wi, with the task 
having the smallest value of the ratio placed first 
in the list. Since the weighted mean finish time 
performance measure is a special case of linear 
payoffs, the same list scheduling policy can be 
applied. Similarly, the optimum schedule for expo
nential payoff functions (with identical time 
constants) is a list schedule using increasing 
values of the ratios 

(4) 

ri 

These ordering ratios are special cases of ratios 
for tasks with random execution times, see 
Rothkopf(S). 

While list scheduling is optimum for unipro
cessor systems, it is well known that multipro

cessor schedule optimization. is NP-hard; the // 
difficulty arises in determining the assignment of 
tasks to processors, since once this assignment has 
been made, each processor's schedule can be opti
mized by list scheduling. 

List scheduling is effective in producing / 
"good" multiprocessor schedules with low values of 
the largest finish time (the "schedule length") and 
for meeting deadlines. The performance of these 
policies in multiprocessors has been bounded; see 



Coffman( 1) for a summary. 

We consider list schedules designed to reduce 
the weighted mean finish time or increase the cumu
lative exponential payoff; we study ·four cases: 

A. wmft with identical processor start times; 
B. wmft with arbitrary processor start times; 
C. exponential payoff functions with iden

tical start times; 
D. exponential payoff functions with 

arbitrary start times. 
Some of our bounds depend on the number of pro
cessors, but all cases have reasonable overall 
bounds, showing maximum percentage errors for list 
schedules of 20.7%, 30.9%, 14.7% and 26.9% for 
cases A, B, C, and 0, respectively. The remainder 
of the paper discusses proofs of these bounds. 

3. PROOF TECHNIQUES 

The major results in this paper place bounds on 
the performance of the list schedule compared to 
the optimum schedule for the same instance, where 
the instance is defined by the sets of parameter 
values associated with each task. Letting Plist 
and Popt denote the two payoffs, we consider the 
fractional difference given by 

g 
Plist- Popt 

Popt 
(5) 

All proofs are based on finding properties of 
the problem instance with the smallest number of 
tasks which maximizes g. This instance will be 

/called IMG (instance maximizing g). Each proof 
// follows the same five steps: 

1. Find a global parameter constraint; 
2. Find general properties of IMG; 
3. Find properties of the optimal schedule for 

IMG; 

4. Constrain somei IMG parameters; 
5. Vary remaining\ IMG parameters to maximize 

g. 

Many of the properties that we will prove are the 

same for all cases; they are (numbering by the 
steps in which they will be shown): 

la. All tasks have the same list rank value in 

IMG; 
2a. All tasks in IMG fa 11 into one of two non

empty groups: 
i) TGZ: a set of k tasks whose execution 

times are greater than zero; 
ii) TAZ: a set of tasks whose individual 

execution execution times approach 
zero, but whose aggregate execution 
time is fixed; 

3a. In the optimal schedule, each TGZ task is 
performed on a different processor from 
every other TGZ task; 

3b. In the optimal schedule, the blocks of 
time allocated for TAZ tasks ends at the 
same time on all processors that are 
executing tasks at that time; 

4a. The TGZ task execution times are all 
equal. 

Generally these results are shown by contradictions 
or by varying the instance to show that g decreases 
if the condition is not met, In this paper we 
graphically illustrate the changes in instances or 
outline the contradiction but do not provide 
details, which can be found in Raie(4). 

All proofs will be separated into "steps" as 
indicated above, and all result numbers include a 
letter indicating the first case to which the 
result applies. 

4. PROOFS 

We consider case A in some detail and then 
discuss only the modifications to adapt the proofs 
to the other cases. 

4.1 CASE A: Weighted Mean Finish Time and 
Identical Start Times 

4.1.1 Step 1: 
There is one lemma in this step: 
~ A.1: In IMG all task ranks are 

equal. 



Proof: Straightforward by examining cases 

and showing a contradiction otherwise. 
Since the task ranks are all equal, let 

R=w;/2Ti• During the proof we consider modifying 

IMG task parameters. We will describe such changes 
as changes in execution times. To conform to Lemma 
A.l, each change in Ti is accompanied by a propor
tional change in Wi to preserve the value of R. 

Let Cj denote the completion time of processor 
j, and let s denote the common processor start 
time. Then the wmft is given by 

2 2 2 w = R[E Ti + E cj - ms ] (6) 

To show Equation (6) consider first one processor 
and number the tasks so that the task numbered i 
occupies the ith position in the schedule. Then 

i 
s + ). \ 

k=l 

From the definition of R, we have w; 
wmft is given by 

i 
w = 2R L Ti(s + ). Tk) 

k=l 

2T;R. The 

£rom this relation Equa~.ton (6.) is easily .verified 
for one processO-r.·· For many processors., we sum the 
wmft's for each processor. 

By simple algebraic manipulations, we can also 
express the wmft in terms of the average processor 
completion time cav and the deviations (from this 
average) of each processor, dj: 

(7) 

Given a problem instance, changing the schedule 
changes the deviations dj, but not the other values 

in this expression. Therefore, w is minimized if 
one makes all deviations zero. In other words, all 
processors finish at the same time, Of course, the 
task execution times in a particular problem 

instance may not be consistent with a non
preemptive schedule in which a 11 processors fj ni sh 
at the same time. Nevertheless, to construct worst 
case instances we can adjust task execution times 
as desired to satisfy any desired condition. 

Let an additional subscript o indicate a para
meter of the optimal schedule. We can compute g by 
substituting Eq. (7) in Eq. (5), which gives 

Ed .2 - l: d. 2 
0 g (8) 

4.1.2. Step 2. 
These three Lemmas concern the list schedule for 
IMG and are proved by computations based on Eq. 
(8). Let ce denote the earliest processor comple

tion time in the list schedule, 
Lemma A.2: In IMG, the processors start 
at time zero (s = 0). 
Proof: Since changing the common start 

time also changes all completion times, let cav = 
s+A, where A is determined by the tasks and the 
schedule. The denominator of Eq. (8) depends upon 
s in the two terms 

2 2 2 2 2 mcav - ms = m(s+A) - ms = 2msA +rnA 

Clearly increasing s increases the denominator, so 
the maximum value of g occurs when s = o. 

Lemma A.3: In the list schedule, every 
task in IMG that completes after ce 
belongs to the set TGZ and begins execu

tion at time Ce• 
~: 1) If a task begins after Ce, it 

violates the list scheduling rules, since it could 
have been started earlier at Ce on some other pro
cessor. Therefore if a processor's completion time 
exceeds ce, it ·must have been executing a single 
task since time ce, and therefore that task is a 
TGZ task. 

2) If a TGZ task starts before ce, 
consider breaking it into two tasks, one ending at 

Ce and the other starting at Ce• This change would 

increase g. Therefore every TGZ task in IMG begins 
at exactly time Ce· 

Lemma A.4: In the list schedule for IMG, 



time Ce• 
Proof: One can increase g by dividing any 

task that completes before ce into two tasks with 
2 equal execution times. This change reduces ETi 

but leaves the rest of Eq. (8) unchanged, so it 
increases g. By continually subdividing the tasks, 
we approach a very large number of very short 
tasks, with the set occupying all processors until 
time ce• These are the TAZ asks. 

As a consequence of these lemmas, we know that 
each processor performs at most one TGZ task. 
Therefore, the list schedule for IMG looks like the 
structure depicted in Figure 1, where the pro
cessors have been numbered in the order of 
decreasing completion times. The shaded area in 
the figure represents the time alloca~ed for per
forming TAZ tasks. 

4.1.3 Step 3 

These three lemmas concern the structure of the 
optimal schedule for !MG. Like the list schedule 
lemmas, they are proved by instance variations and 
computations based on Eq. (8). 

Le11111a A.5: In the optimal schedule for 
IMG, tasks in TGZ are assigned to dif
ferent processors. 
Proof: If this is not the case, then two 

TGZ tasks are assigned to the same processor in the 
optimal schedule. By lengthening the longer one 
and shortening the shorter one by the same amount 
x, we increase g, which contradicts the statement 
that this instance is the IMG. To perform the 
detailed computation, suppose that tasks i and j 

are the two TGZ tasks scheduled on the same pro
cessor in the optimal schedule. As a consequence 
of lemmas A.3 and A.4, these tasks are scheduled on· 
different processors, say processors i and j, in 
the list schedule, Without loss of generality, let 
Ti>Tj• Now consider a new instance in which T;'= 
Ti+x and Tj'=Tj-x, and with all other parameters 

unchanged. The change affects di and dj, in addi
tion to Ti and Tj; in particular di'=di+x and 
dj'=dj-x. Let A and B denote the numerator and 

denominator, respectively, of Eq. (8) for the first 
instance. Then A'=A+2x(di-dj)+2x2 and 

B'=B+2x(Ti-Tj) +2x2, Since g<l, A<B. Also, due to 
Lemma A.3, di~dj=Ti-Tj>O. So identical positive 
increments (x(Ti-Tj)+2x2] are being added to A and 
B, and g<g'<l. Therefore the modified instance has 
a larger error, and so tasks i and j must have been 
scheduled on different processors in the IMG opti

mal schedule. 
Lemma A.6: In the optimal schedule for 
IMG, processors not performing tasks from 
TGZ are performing tasks from TAZ. All 
such processors finish at the same time 
and that finish time is the earliest pro
cessor finish time in the optimal sche

dule. 
Proof: Any processor processing TAZ tasks 

must finish at Ceo• for otherwise some of its TAZ 
tasks could be added to the end of the schedule for 
the earlier finishing processor. 

Lemma A.7: In the optimum schedule, each 
processor that handles a TGZ task does not 
handle any TAZ tasks. 
Proof: By examining several cases; the 

details are in Raie(4). 
These lemmas establish the structure of the optimal 
schedule for the IMG instance, which is diagrammed 

in Figure 2. 

4.1.4 Step 4 
Now we constrain the task execution times. 

Lemma A.8: All IMG tasks in the set TGZ 
have the same execution time. 
Proof: If not, construct a new problem 

instance by replacing two tasks having unequal exe
cution times by a pair of tasks, each with an exe
cution time equal to the average of the two 
original execution times. This change increases g, 
a contradiction to the assumption that the instance 
was IMG. 
4.1.5 Step 5 
The proof is completed by varying the completion 
times and the number of TGZ tasks to maximize g. 

Theorem A: The list schedule's fractional 
error g for m processors in case A is less 
than 



This limit is an increasing function of m, with a 
lk(2m-k) - k 

2m (9) 1 imit 

with k m(2-12)/2. The limit is 9 ( .. l = IS - 1 = o. 309 
B 4 

(12) 

(10) 4.3 CASE c: Exponential Payoffs and Uniform Start 

Times 

Proof: Use differentiation first to find 
the value of the ratio of the completion time of 
the TGZ processors to the completion time of the 
TAZ processors, and then differentiate to find the 
value of k, the number of TGZ processes that maxi
mizes g. The details are presented by Raie( 4). 

Fo.r a particular value of m, a tighter bound 

can be found by evaluating Eq. (9) at the integer 
values of k that are the floor and ceiling of the 
irrational value given by the Theorem. 

4.2 CASE B: Weighted Mean Finish Time and 
Arbitrary Start Times 

This case is similar to case A; the major dif
ference arises in determining the set of processor 

start times for IMG. Without loss of generality, 
we number the processors in order of their start 
times. Most of the lemmas are identical to case A, 
with the inclusion of varying start times and the 
following exceptions: 

~ B.9: The start times of the processors 
handling the k tasks in TGZ are 
all zero, and the start times of 
the remaining processors are all 

equal to ce• 

~: This implies that in the list 
schedule the m-k processors starting at ce 

never process any tasks. The structures of 

This proof is similar in structure to the case 
A proof; the mathematical details are different, as 
shown in the following discussion of the differen-

ces. 

L C 1 In IMG all task ranks are equal. ~-·= 
Proof: By computation and contradiction. The 

equal task ranks imply a simple formula for g(m): 

g(m) 
c 

r Exp(-rfj) - l: Exp(-rfj
0

) 

E Exp( -rs) l: Exp( -rf. ) JO 
(13) 

The time scale for the IMG instance can be modified 
so that r=l without affecting the properties of the 
instance. Therefore we consider only r=l in the 
following arguments. First revise g(m) for r=l: 

g(m) 
c E Exp(-s' l: Exp(-f. ) 

JO 
(14) 

When the conditions of the Lemmas analogous to 

A.2-A.8 are met, we find that the maximum g(m) is 
obtained if the TGZ task execution times approach 
infinity. Then gc(m) can be written in the form 

C1 

g(m) =~ 
c C1- y 

(15) 

the list schedule and the optimal schedule are where 

g(m) 
B 

shown in Figure 3. This leads to Theorem B: 
Theorem B: The list schedule's fractional 
error g form processors in case B is less 
than 

/,-5-m~2 ---6m_+_2 - m 

2(2m-l) (11) 

a = _m_ , y = Exp( -eel 
m - k 

(16) 

Theorem C: The list schedule's fractional error gc 
form processors in case C is less than the value 
of g(m) given by Eqs. (15) and (16) with ce = k/m 



and k determined from a ~ 2.1231, the solution of 

Eq. (17) with a>l. 

a - a2 Exp (- (1-al
2 

J - (1-a)Exp(l-a) 
a 

The limit is g(m) = 0.1468. 
c 

0 (17) 

Proof: By differentiating Eq. (15) and finding 
solutions in the feasible range. 

Since Theorem C specifies a transcendental 
value for k, the number of TGZ tasks, a tight bound 
for given m can be found by comparing the values 
given by Eqs. (15) and (16) with k either the floor 
or the ceiling of the transcendental value. 

4.4 CASE 0: Exponential Payoffs and Arbitrary 
Start Times 

This proof is structurally simila~ to the case 
B proof. The k processors handling TGZ tasks start 
at t=O and the remaining m-k processors start at 
t=ce• After determining that the lengths of all 

TGZ tasks should approach infinity, we can write 
g

0
(m) in the form 

a 
g( m) y - y 
D a - ya + y - 1 

with a and y defined in Eq. (16). 
The overall result is given by 

(18) 

Theorem 0: The list schedule's fractional error 
g

0 
for m processors in case D is less than 

g(m) 
D 

m 
(m ~ 1) + 1 

(19) 

Proof: Differentiating Eq. (18) and setting 
it equal to zero to find the extreme points, we 
find 

y = a 
1/(1-a) 

Then we discover that g
0

(m) is a decreasing func

tion of a (which must be greater than one); The 
minimum a giving an jnteger k is 

m 
a= m-:-1• Algebra then gives the result. 

The error bound is an increasing function of m 
bounded above by g0 (~) = 1/(l+e) = 0.269. 

5. SUMMARY 

We have proved bounds on the performance of 
multiprocessor list scheduling policies for 
situations with the payoff being the weighted mean 
(task) finish time or with a cumulative payoff 
being constructed by summing exponentially 
decreasing payoffs associated with each task. 
These bounds become presuppose some conditions on 
the problem that may not apply in real situations. 
First, the task execution times are known. Second, 
no cost is associated with moving tasks among pro
cessors. Since neither condition may apply in an 
actual system, we have studied the consequences 
for relaxing the conditions. We have generalized 
the analysis presented here to situations in which 
the probabilty distributions of the task execution 
times are known. The same basic analysis tech
niques can be applied when the execution time 
distribution is known; the details are given by 
Raie( 4 ). 

If costs are associated with task movement, 
the problem is very difficult, so we leave it as an 
interesting open problem, which is to find bounds 
on performance of decentralized scheduling poli
cies. Any realistic verswn of the problem is 

complex because the entire problem is trivial 
unless. costs are associated with moving tasks be
tween processors. 

6. BIBLIOGRAPHY 

1. Coffman, E. G., Jr., (ed.), Computer and Job
shop Scheduling Theory, Wiley, 1974. 



2. Gonzalez, M. J., Jr., "Detenninistic Processor 

Scheduling", Computing Surveys .2_, 173-204, 
1977. 

3. Ka in, R. Y. Gouda, M. G., and Ra i e, A. A., 
"DPRE Final Report, Vol. 2", Report 
F0606-FR-V2, Honeywell Systems and Research 
Center, Minneapolis, 1978. 

4, Raie, A. A., "Toward Distributed Schedulers 
for Distributed Computer Systems", Ph.D. 
Thesis, Univ. of Minn., 1982. 

5. Rothkopf, M. H., "Scheduling with Random 
Service Times", Management Science.!£, 
707-713, 1966. 

pl 

p2 

p3 

p4 

PK TK 

7. BIOGRAPHIES 

Richarq Y. Kain was educated at MIT, where he 
also served as an Assistant Professor, In 1966 he 
joined the Electrical Engineering Department at the 
University of Minnesota, where he is a Professor. 
He teaches, performs research, and consults on com
puter system design and analysis. 

Abolghasem A. Raie received his undergraduate 
education in Iran and his graduate education in 
Electrical Engineering at the University of 
Minnesota, Upon completion of his graduate studies 
he returned to Iran. 

Tl 

Tz 

T3 

T4 

c4 

PK+l CK 

PK+2 

p 

m ~~~"~~---------------------------------------------~~t 
0 

Figur~ 1: 
ce 
The List Schedule for the IMG Instance for 
Cases A and C. 



pl Tl 
cw Pz Tz 

p3 T3 

p4 T4 

~0 

Figure 2: Structure of the Optimal Schedule 
for IMG for Cases A and Co 

PK~~~------------------------~ 
PK+l 

p 
m 

0 c e 

a) The List Schedule 

b) The Optimal Schedule 

Figure 3: Schedules for Case B and CaseD IMGso 

t 

/ 

t 





PARASITIC MESFET IN (Al.Ga)As/GaAs MODULATION DOPED FETs 
AND MODFET CHARACTERIZATION 

Microelectronic and Information Sciences Center 

Technical Report #08 

Kwyro Lee 
Department of Electrical Engineering 
University of Minnesota 

Michael Shur 
Department of Electrical Engineering 
University of Minnesota 

Timothy J. Drummond 
Department of Electrical Engineering and 

Coordinated Science Laboratory 
University of Illinois 

Hadis Morkoc 
Department of Electrical Engineering and 

Coordinated Science Laboratory 
University of Illinois 

MEIS technical reports are 
published in order to pro-
vide early access to research 
results intended for publication. 
Manuscripts are reviewed and 
selected for MEIS technical 
reports by the MEIS Executive 
Committee. 

PARASITIC MESFET IN (Al,Ga)As/GaAs 
MODULATION DOPED FETs 

AND MODFET CHARACTERIZATION 

MEIS Technical Report #08 

Kwyro Lee 
Michael Shur 

Timothy J. Drummond 
Hadis Morkoc 

This research reported in this paper was supported in part by the 
Microelectronic & Information Sciences Center. 



ABSTRACT 

A charge control model for n-channel Modulation Doped FET's 

(MODFETs) is extended to include the drain-to-source current through the 

doped (Al,Ga)As layer which becomes important for large positive gate 

voltages. This parasitic conduction leads to decreased device trans

conductances at high gate voltages. A unified and complete characteri

zation technique for deducing the parameters of our model is introduced 

and used for the device characterization. Parameters, e.g., the saturation 

velocity, two-dimensional gas concentration at equilibrium, thickness 

of the doped (Al,Ga)As layer, etc., deduced using the model, are in 

good agreement with the independent calculations and measurements. However, 

the deduced values of the room temperature, low field mobility of the two 

dimensional electron gas are considerably smaller than those measured by 

Hall effect and in long gate MODFETs. This model is in good agreement with 

the characteristics of high current normally-on MODFET's. The maximum 

measured current swing of 300 mA/mm gate is reported. 



2 

I. INTRODUCTION 

Recently, Modulation Doped FETs (MODFETs) - also called High Electron 

Mobility FETs (BEMis) and Two-dimensional Electron Gas F.ETs (TEGFETs) - have 

emerged as one of the strongest contenders for superfast integrated circuits. 

Ring oscillator delays of 12.2 ps at 300 K were obtained [1] with delays as 

low as S ps at 77 K possible. We have achieved intrinsic devi~e transconduc

tances as high as 350 mS/mm gate at 300 K (and 565 mS/mm at 77 K) with 

currents as high as 300 mA/mm gate [2] and predicted much higher 300 K tran

sconductances (up to 1000 mS/mm gate at 300 K) in devices with an optimized 

design [3]. Further progress in MODFETs cannot be possible unless realistic 

device models and a thorough understanding of device physics are achieved. 

We have recently developed a simple charge control model [4] (a generali

zation of a charge control model proposed in Reference [5]), which allowed the 

calculation of the I-V and C-V characteristics [6] of (Al,Ga)As-GaAs MODFETs. 

In this paper the model is extended to include the parallel conduction in the 

(A1,Ga)As layer which takes place at gate biases for which this layer may 

become partially undepleted. Based on this model and on a new method of 

determining the source and drain series resistance [7], we propose a new char

acterization technique for MODFETs which makes possible an accurate determina

tion of the device parameters from measured I-V characteristics. 



II. EXTENDED CHARGE CONTROL MODEL 

A schematic cross-sectional diagram of a MODFET is shown in Figure 1. 

The transistor metalization pattern for source, drain and gate are identical 

to that of a conventional split source MESFET with gate length L = 1 ~ and 

gate width Z = 290 ~· The difference is that the primary conduction path is 

the first - 150 1 of GaAs away from t~e heterojunctions. The electrons in the 

channel have transferred from the large bandgap (Al,Ga)As to the smaller 

bandgap GaAs. In an ideal normally-on FET at zero bias, charge transfer 

across the heterojunction and the Schottky gate will deplete just that thick-

ness of (Al,Ga}As between the gate and the GaAs layer. In the following 

analysis the effect of a layer of undepleted (Al,Ga)As resulting from a posi-

tive gate is considered. It will be shown that the presence of this "parasi-

tic" MESFET can be taken advantage of to characterize normally on MODFETs. 

A qualitative sketch of the interface carrier density in a MODFET as a 

function of the gate voltage is shown in Fig. 2. Vt2 is the device threshold 

voltage. At gate voltages larger than Vt2 but smaller than 

= + ( 1) 

where 

(2) 

the charge control model proposed in the references applies (4,5]. Here Vtl 

is the threshold voltage for the parasitic MESFET formed by the gate and doped 

(Al,Ga)As layer, (Vp
0
>2D is the pinch-off voltage of the two dimensional elec-

tron gas, q is the electronic charge. n is the equilibrium two dimensional so 

interface llarrier concentration calculated in Reference [8], 



(3) 

where dd is the thickness of doped (Al,Ga)As layer, di is the thickness of 

undoped (Al,Ga)As layer, and Ad : 80 1 is the effective width of the two 

dimensional gas [4]. 

According to the charge control model [4] represented by a dashed line in 

Fig. 2: 

( 4) 

where n52(Vg) is the interface carrier density of the two dimensional electron 

gas, V is the gate voltage, g 

( 5) 

is the capacitance between gate the the two dimensional electron ga~ given in 

R.ef. [9]. Here a is the dielectric permittivity of (Al,Ga)As. The value of 

dd can be measured from C-V characteristics of a long gate KODFET or calcu

lated as follows [4,5]: 

( 6) 

where -b is the Schottky barrier height, AEc is the conduction band discon

tinuity at the heterointerface and Nd is the doping density in (Al,Ga)As. 

At gate voltages higher than_ Vt3 , ns2 ~ nso and the charge control model 

proposed in References [4,5] does not apply. The parallel conduction from the 

(Al,Ga)As HESFET has to be included. The charge qns3 of the electrons in the 

MESFET channel is given by 

( 7) 



( 8) 

and 

(9) 

Eq. (7) is applicable when 

(10) 

where 

(11) 

is the MESFET pinch-off voltage (see Fig. 2). 
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IIIe I-V CHARACTERISTICS AT LARGE GATE BIASES 

In this Section·the extended charge control model of Section II is 

applied to calculate the I-V characteristics of a MODFET for large gate 

biases. The qualitative distribution of electrons in the two dimensional 

electron gas and in the doped (Al,Ga)As layer is shown in Figure 3. In the 

gate voltage range 

(12) 

the two dimensional gas is partially depleted everywhere in the channel (see 

Fig. 3a). Previous models [4,6] can be applied only in this regime. 

In the gate voltage range 

(13) 

where vds is the drain-to-source voltage, the electron distribution in the 

channel looks like the distribution shown in Fig. 3b. (We limit ourselves to 

Vds i v:s where v:s is the drain-to-source saturation voltage.) Below we cal

culate the drain-to-source saturation current for the gate voltage range given 

by Eq. (13) (where we assume Vela • v:s>• In this case the current Uds> 2D 

carried by the two dimensional gas in Region I (0 < x < L1) is given by 

(14) 

where 

(15) 

(16) 

and 

(17) 
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Here vs2 and ~2 are the electron saturation velocity and the low field mobil

ity of the two dimensional gas. On the other hand, drain saturation current 

{I:s>lD in Region II (L1 < x < L) can be found using our two piece model [4], 

(18) 

where 

(19) 

and (Vp0 >2n is the pinch-off voltage of the two dimensional electron gase 

The value of L1 (or v1> can be found by equating Eqs. (18) and (14) and 

by noting that L = L1 + ~· or that 

(20) 

where 

(21) 

The resulting expression for v1 is 

(22) 

Substitution of Eq. (22) into Eq. (14) yields 

(23) 

The saturation drain-to-source current I:s and the device transconduc

tance in the saturation regime g: vs. the gate voltage are shown in Fig. 4a 
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and 4b. The solid curves show the dependences predicted by the two-piece 

charge 

[4,5.6]. 

control model which does not take into account the finite value of n so 

As pointed out above for a small voltage, e.g. V < 
I 

+ 

these curves coincide with the dependences given by the present model. At 

higher biases the transconductance decreases, and finally, at v, = vt + 

(Vpo>2D + v0 the maximum value of. the current, 12 , through the two dimensional 

gas is reached: 

(15) 

This maximum current carried by the two dimensional gas was analyzed in Refer-

ence [3]. Any further small increase in current must only be due to the con-

duction through the doped (Al,Ga)As layer. This current (l:s> 3 may be found 

using the model developed in Reference [10] as: 

(24) 

where ~3 and v83 are the mobility and saturation velocity in (Al,Ga)As, td is 

given by Eq. (9). 

Implications of finite n and, as a result, the finite gate voltage so 

swing are illustrated by Fig. 5. The transfer characteristic shown in Fig. Sa 

does not show any transconductance degradation up to current levels as high as 

40 mA. On the other hand, the characteristic shown in Fig. 5b shows transcon-

ductance degradation when the drain current exceeds 15 mA, indicating a very 

small value of n • 4 x 1011 cm-2 , obtained from the best fit to the ezperiso 

mental data. Both devices are normally-on and the gate current is negligible 

at all gate voltages. Therefore the decrease in the transconductance at large 



gate bias cannot be attributed to the gate leakage current. 
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IV. CHARACTEIUZATION TECHNIQUE 

To illustrate the characterization technique, high current normally-on 

.M:ODFETs were selected and measured. Fabrication data for three transistors is 

given in Table I. I-V characteristics were measured for half of a device (Z = 

145 ~m) under a probe.station. The crystals were grown by molecular beam epi-

taxy. Details of the crystal growth and device fabrication have been reported 

elsewhere [11]. From the measured I-V characteristics we need to extract the 

series source and drain resistances R8 and RD, vt2 • Vtl' ~2 • ~3 • del and ·vs2 ." 

The value of Vsl is not important because the "MESFET" is governed by 

Shockley's model due to the very low mobility, ~3 • The following discussion 

demonstrates a method of determining all parameters necessary to the model 

with the exception of Nd and eli which are known from the crystal growth. 

The first objective is to find gate voltages within the range Vt2 < Vg < 

Vt3 without attempting an accurate determination of Vt2 and Vt3 • We start by 

plotting the drain-to-source saturation current, z:s and the saturation tran

sconductance g: as a function of Vg• Following the two piece charge control 

model (6] we find the drain-to-source saturation current at large values of 

v • g• 

zs ==. 12 
v, - vt2 + Vo 

(25) ds (Vpo)2D 

where V0 is given by Eq. (21). Hence Vt2 - Vo may be found from the linear 

asymptote of the saturation current at large gate biases (but below (V) ), 
g max 

corresponding to the maxiaua transconductance. We take v
11 

= vt2 + v0 and 

(26) 



11 

as lower and upper bounds, respectively, for the gate voltage in the MODFET 

regime of operation. 

Plots of Ids vs. V and g1 vs. V measured in our laboratory are shown in s g m g 

Figs. 6 and 7 for devices 1 and 2. The points marked by A in Fig. 6a and 7a 

are shifted due to the use of two sweep ranges for the gate in our measure-

ments: -1 V to 0 V for points marked by open circles and fro• 0 V to 0.8 V 

for points marked 4. This offset voltage is due to the shift of the threshold 

voltage caused by traps [9,11] and is taken into account by a parallel 

transfer of the measured data in the gate voltage range 0 < Vg < 1 V (points 

marked in Fig. 6a and Fig. 7a by solid circles). By drawing asymptotes to the 

curves at large gate voltages we find that Vg1 ~ Vt2 + v0 - -1.4 V, Vg2 ~ 

for device 1 and vg1- -1.6 v and vg2- 0 v for device 2. 

0 v 

In the voltage range Vgl < Vg < vg2 the simple charge control model for 

the two-dimensional gas (4] applied. Accordingly, at very low drain-to-source 

voltages 

(27) 

where IS+D = Is + 10 • Hence, ls+D and vt2 may be determined from the best 

least square linear fit to the measured Ids vs.vg : Vtl in the gate voltage 

range v81 < v
8 

< v82 (see Figs. 6b and 7b). In most cases the device struc

ture is symmetrical; therefore, IS = Bn = ls+D/2. The value of Is determined 

in this manner is in aood asreement with those determined independently [7]. 

The thickness of doped (Al,Ga) can be derived from Eq. (6) and the value 

· -10 I of Vt2 derived· above. The values -b = 1V, 4Ec/q = 0.34 V and a = 10 F m 

were used in the calculation. For devices 1 and 2 an optimum value of vt2 ~ 
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-1.9 v is 
0 

deduced for which dd = 570 A~ in agreement with that expected from 

the fabrication procedure. Knowing dd• the values of c2D and c3D can be found 

from Eqs. (5) and (S)e The undoped layer thickness, di, is known and ad= 

80 1 [41. For device 1 ClD = Oe22 pF and c3D = 0.35 pF. 

0.20 pF and c3D = 0.31 pF (see Table II). 

For device 2 = 

Once the values of R
8 

= Rn and vt2 are measured and the values of dd, c2D 

and C3D are deduced as described above, the threshold voltage of the (Al,Ga)As 

"MESFET" Vt3 , the pinch-off voltage of the two dimensional electron gas, 

(Vp
0

) 2D, the low field elec.tron mobility of the two dimensional electron gas, 

112 • and of the doped (Al,Ga)As layer. 113 • and the equilibrium electron concen

tration, nso• can be determined using the plot of the intrinsic drain-to

source conductance at a low drain-to-source voltage 

vs. the gate voltage, V • 
g 

(28) 

A qualitative sketch of gd vs. v
1 

is shown in Fig. 8. When Vt2 < v
1 

< 
i 

vt3• we have drain conductance due only to two dimensional electron gas 

(29) 

which is shown with dashed lines in Fig. 8. The slope of this curve at large 

gate biases changes due to the transition from "MODFET" to (Al,Ga)As "MESFET" 

(30) 
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The values of ~2 and ~3 can be determined from the slopes shown by dashed 

line in Fig. 8 using Eq. (29) and Eq. (30), respectively. Furthermore, Vt3 

can be determined as shown in the same figuree The pinch-off voltage of the 

two dimensional gas (V ) ,n is then found as po ~ 

The value of n is now found as so 

n so q 

(31) 

(32) 

The saturation velocity, v12 , can be deduced from the drain-to-source current 

(I )s 
ds m at Vg = (Vg>max• where the transconductance reaches its maximum value. 

This value of the current is given by [4,6] 

(33) 

Eq. (33) is derived using the two piece model similar to Eq. (18). Here 

and (V ) is the measured value of gs max 

(gm>max• From Eq. (33) we find 

the gate-to-source voltage at g = m 

(35) 

where :t = ~2DC2D/L. The value of v83 is not important because the "MESFE'r' 

operation is governed by Shockley's model due to the very low mobility (see 

Eq. (24)). 
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The value of the parameters determined in this fashion for three of our 

devices are given in Table II. The I-V characteristics calculated for devices 

1 and 2 using these values of the parameters are shown in Fig. 6 and Fig. 7. 

As can be seen from the figures, the agreement with experimental data is quite 

good. 
0 

We should note that device #1 has a thin undoped layer, d. = 20 A, and, 
1 

hence, a large nso• In this case the role of the parallel conduction in the 

{Al,Ga)As layer is quite small. Device #2 has d. 
1 

0 
= 100 A, which is quite 

large. As a result, nso is relatively low and the role of the conduction in 

the doped (Al,Ga)As layer is quite considerable. The values of nso determined 

from the drain conductance measurements (as discussed above) are in good 

agreement with our theoretical calculation [8]. All other parameters can be 

predicted with reasonable accuracy. 

One exception is the low field mobility, p2 , of the two dimensional elec

tron gas at 300 X. As indicated in Table II, these values are consistently 

low. For devices 1 and 2 they seem to be close to the Hall mobilities we 

measured on the same wafers. However, we show in Reference [12] that the low 

values of the Hall mobility are caused by the contribution to the conduction 

from the doped (Al,Ga)As layer. When this contribution is taken into account, 

the deduced values of the Hall mobility for the two dimensional gas at room 

temperature are consistently close to 8000-9000 cm2/vs. Similarly, an 

apparent decrease of the low field mobility was observed in short gate GaAs 

devices [13,14]. Further studies are necessary to find out the causes for 

this anomalously small low field mobility in short gate devices. 
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V. CONCLUSION 

We have developed an extended charge control model which includes the 

contribution to the drain-to-source current from the doped (Al,Ga)As layer. 

This contribution becomes important at large gate voltages and leads to a sub

stantial decrease in device transconductance at large gate voltages. Our 

model is in good agreement with tho device characteristics of high current 

normally-on KODFETs. Tho maximum current swing up to 300 mA/mm gate is demon

strated. This is tho largest current swing yet reported for a KODFET and is 

very promising for high speed device applications. 

A unified and complete characterization technique for deducing the param

eters used in our model is introduced and utilized for device characteriza

tion. Tho deduced parameters such as tho saturation velocity, equilibrium two 

dimensional gas concentration, thickness of tho doped (Al,Ga)As layer, etc. 

are in good agreement with the independent calculations ~d measurements. 

·nowever, tho deduced values of tho room temperature low field mobility of the 

two dimensional electron gas are considerably smaller than those obtained from 

tho Hall measurements and studied of long gate KODFETs. A similar anomalous 

mobility reduction has boon observed in short gate GaAs MESFETs. 

The characterization and modelling technique presented hero is well 

suited for computer-aided design of MODF.ET based digital IC's. 
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FIGURE CAPTIONS 

Fig. 1 A schematic cross-section of a MODFET illustrating the layer structure 

of the device. 

Fig. 2 A qualitative sketch showing carrier dependence on gate bias. The 

interface carrier density of the two dimensional electron gas (2d-gas) 

and the sheet carrier density in the (Al,Ga)As MESFET region (3d-gas) 

are plotted vs. gate voltage. For illustration of parameters, refer 

to text. 

Fig. 3 A pictorial diagram showing charge distribution in MODFETs. (a) At 

Fig. 4 

low gate bias in the range Vt2 < Vg < Vtl' 2DEG density (ns2> along 

the 2D channel is always less than n • (b) At high gate bias when Vg so 

> Vtl• we have parallel conduction in (Al,Ga)As (ns3> and ns2 = nso 

for 0 < x < L1 , and ns2 < ns0 (ns3 = 0) for ~ < x < L. 

The effect of finite n on transfer characteristic due to 2DEG. so Max-

imum transconductance is obtained at Vg = Vtl = Vt2 + (Vp
0

>2n. The 

maximum drain current carried by 2DEG (12) is obtained when Vg > vt3 + 

V0 • (a) Transfer characteristic, (b) transconductance. The values of 

parameters used for calculation are Vt2 = -0.06 V, ~2 = 4,000 

7 vs2 = 1.5 x 10 em/sec, L = 1 ~ and Z = 290 ~· 

2 em /Vs, 

Fig. 5 Comparison of transfer characteristics of two devices. Solid dots are 

experimental values. The lines are best theoretical fitting. 

(a) shows no transconductance degradation, modelled well assuming 

nso = • (solid line). 

(b) shows apparent transconductance degradation, modelled well 

assuming n = 4 x 1011 cm-2 (dotted line). so 
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Fig. 6 (a) Transfer characteristic of device #1. Open circles and triangles 

are experimental points. Solid circles are the triangles (Vg 2 O) 

shifted by -0.16 V (see text). The dotted line is a theoretical 

curve using data in Table II assuming two dimensional electron 

conduction only. 

(b) Drain conductance data for device #1. Circles are experimental 

points and triangles are intrinsic drain conductance data assuming 

Fig. 7 (a) Transfer characteristic of device #2. Open circles and triangles 

are experimental points. Solid circles are the triangles (V > O) 
g -

shifted by -0.36 V (see text). The dotted line is a .theoretical 

curve using data in Table II assuming two dimensional electron 

conduction only. The solid line is obtained assuming conduction 

by the two dimensional electrons and undepleted carriers in the 

(Al,Ga)As KESFET section. 

(b) Drain conductance data for device #2. Circles are experimental 

points and triangles are intrinsic drain conductance data assuming 

Rs + RD = 20 D. The data for Vg > -0.8 Vare moved by -0.17 V to 

compensate for the threshold voltage shift. 

Fig. 8 A qualitative sketch for drain conductance vs. gate voltage at low 

drain voltage (solid line). The two dashed lines correspond to Eqs. 

(29) and (30) respectively. 
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ABSTRACT 

Model building is identified as the most important part of the analysis 

and design process for software systems. A set of primitives to support this 

process are presented, along with a formal language for recording the results 

of analysis and design. The semantics of the notation is defined in terms of 

the actor formalism, which is based on a MeSsaGe passing paradigm. The auto

matic derivation of a graphical form of the specification for user review is 

discussed. Potentials for computer aided design based on MSG are indicated. 



1. Introduction 

The software development process is most commonly represented by the software life cycle model. There 
is a fair amount of agreement that the early stages of the software life cycle consist of requirements definition, 
functional specification, and design. There is a lack of agreement on the meaning of these terms, and no pre
cise definition of the activities that are performed in each stage. The result is often a chaotic process, where all 
aspects of design are mixed together, resulting in software products that have cumbersome and complicated user 
interfaces and that do not satisfy user needs. 

We believe the early part of the life cycle consists of requirements analysis, functional specification, 
architectural design, and module design. Requirements describe the problem. They constrain both the product 
(eg. functionality, performance, reliability) and the development process (eg. cost, schedule, methodology), and 
can generally be met by a number of different systems. The functional specification describes the solution: the · 
user interface of the system to be implemented. The functional specification gives only an external view of the 
system, while a design contains the design concepts and software structures to be used in implementing the sys
tem, which are needed by the implementors but not by the users. The goal of architectural design is to identify 
the software modules to be used in the implementation and to give precise black box descriptions of their 
behavior. Module design identifies data structures and algorithms for implementing each module. 

In this paper we develop the concepts needed to support a disciplined approach to functional specifica
tions. These concepts are embodied in MSG, a specification language supporting the functional specification 
and design stages of the software development process. The aspects of MSG relevant to functional specifica
tions are described here, and the aspects relevant to design will be discussed in a later paper. 

We have limited our discussion to the life cycle approach since it is widely used and better understood 
than alternative models of software development such as rapid prototyping[ 1]. 
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1.1. Definition of Functional Specification 

A functional specification is a conceptual model of the proposed software system, which presents only 
those aspects of the system relevant to the users of the system. 

1.2. Requirements for a Functional Specification Language 

There are two distinct audiences for functional specifications: the analysts/designers and the 
customers/users. The analysts/designers need a formal and precisely defined language for constructing and 
recording models of software systems. The customers/users need to review the specification without learning 
languages or concepts foreign to the problem domain. It is unlikely that the needs of both audiences can be met 
by the same notation. We recommend that the documents to be reviewed by the customers be derived from a 
formal specification, with as much mechanical assistance as possible. Computed diagrams can serve to present 
an overview of the system, while details can be presented in a prototype user's manual derived from the formal 
specification by hand; extra human effort is not implied, because the user's manual will be needed anyway. 

The formal notation must support the model building process in a number of ways. 

(1) The notation must have a precise and unambiguous semantics. 

(2) The notation must be based on a clean and coherent model of computation. 

(3) The notation must be sufficiently powerful to express all relevant aspects of system behavior. 

( 4) The notation must support a convenient set of abstractions for building models of software systems. 
Abstractions are vital for suppressing detail without sacrificing precision. A well chosen set of building 
blocks can considerably ease the burden of the analyst. 

(5) The notation must be irredundant, to avoid update inconsistencies. 

(6) The notation must be modular and support effective searching. 

(7) The notation must support partial descriptions, so that it may aid in developing a model and completeness 
checking. 

(8) The notation must be easy to understand and modify. Small conceptual changes should correspond to 
small changes in the text. 

(9) The notation must be relatively easy to learn. Since it will be used by professionals, some specialized 
training can be required. 

(10) The notation must apply to a broad range of applications, so that many different notations are not needed. 

(11) The notation must apply to a large part of the life cycle, so that translation from one form to another is 
avoided. We believe a closely related set of notations can span the functional specification, architectural 
design, and module design stages. 

(12) The notation must support mechanical processing. This goal is sufficiently important to justify some 
compromises with respect to the previous goals . 
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1.3. Previous Work 

The PSUPSA system [2] has been used to support natural language functional specification. It formalizes 
some aspects of the natural language as the objects, relations, and attributes of a relational database. The regu
lar structure of the database allows the automatic generation of indexes, summary reports, and graphics, as well 
as some consistency and completeness checking. Natural language descriptions are associated with the objects 
and structures of the database. The meanings of the objects and relationships in the database are left loosely 
defined, and cannot be made precise without sacrificing usefulness, because the database has a fixed schema. 
Mechanical processing can apply only to those aspects of the specification that have been captured in the data
base structures. Such a system can never guarantee that a functional specification is complete, consistent, or 
irredundant in the usual sense of those words. 

The SREM system [3] introduces an ~xplicit timing model, which uses R-nets (response networks) to 
identify events subject to timing constraints, and provides a simulation facility that helps show the feasibility of 
meeting real time constraints. The resulting increase in precision is its main advantage over PSL/PSA. The 
system has a relatively narrow but important class of applications (embedded systems). It has very little support 
for abstractions and modularity, and has no clear underlying model of computation. 

Another approach is the structured analysis method of DeMarco [4]. This technique portrays a software 
system as a network of data transforming processes linked by data flow paths. Descriptions of the processes 
and flows are usually written in pseudocode or natural language. The technique is easily understandable by end 
users because it focuses attention on essential issues. Networks of data transformations are not well suited for 
describing systems dominated by chains of state transitions. This technique also does not make use of data 
abstractions. As in the PSL/PSA system, mechanical processing can only apply to the network structure, with 
no guarantees of consistency, completeness, or irredundancy. 

Ross[5] describes another method, known under the copyrighted name SADT, which is similar to struc
tured analysis. SADT includes arcs representing control flow and sequencing information in their networks, 
while retaining much of the understandability of data flow diagrams. Although this approach removes some of 
the difficulty describing systems of state machines, the problems of handling abstract data types and limited 
mechanical computability remain. 

Functional specification based on data structures is advocated by Orr [6]. This technique lays out the data 
structures at the implementation level and attempts to deduce data transformations that will map input structures 
into output structures. Such a technique does not support abstractions, thereby fixing implementation details too 
early in the analysis phase. 

We believe that no significant progress beyond the existing approaches will be made until a mathemati
cally rigorous and semantically precise specification language based on the concepts of abstraction and iterative 
refinement is available. Such a language must provide a variety of review representations including diagrams. 
The language must also be general enough to specify state transformation functions as well as data transforma
tion functions. Work at SRI on the Hierarchical Development Methodology (HDM) has produced such a 
language known as SPECIAL[?], which is used in architectural design to give precise black box specifications 
for the individual modules, and in module design for (mechanically) verifying that a particular implementation 
satisfies those specifications. The work reported here was motivated by the difficulty of applying the SPECIAL 
concepts and approach to the functional specification stage. 

1.4. Overview 

Section 2 discusses the concepts and abstractions needed for constructing models of software systems and 
Section 3 shows how MSG supports these concepts. Section 4 describes how diagrams suitable for user review 
can be constructed from an MSG specification. Section 5 indicates what kinds of mechanical processing are 
desirable, while Section 6 presents our conclusions. 
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2. Models of Software Systems 

Models of software systems are used to express and to analyze the design at various levels. A model of 
the existing system is often built to aid in determining and analyzing the requirements. A model of the pro
posed system is built during the functional specification phase, and models of the internal software modules are 
built during the architectural design phase. Model building absorbs most of the effort in the early stages of 
software development, and a language for expressing models of software systems is the basic tool of the analyst 
and designer. 

Many of the existing techniques for recording functional specifications, such as bubble charts [4], R-nets 
[3], and PAISLey [8] model software systems as collections of communicating processes. The first two tech
niques do not have a precise semantics, while the last constructs an applicative prototype implementation, which 
sometimes forces specifying irrelevant detail, and does not provide for documenting restrictions and assump
tions, The communicating process paradigm seems to be appropriate, but the domain must be characterized 
carefully and a notation with a precise and appropriate semantics must be developed, 

We believe that softw.are models should be expressed in terms of a strongly typed version of the actor 
model of computation[9], Our contribution is a set of primitives suitable for constructing functional specifica
tions; and an actor based defmition of the semantics of those primitives. The rest of this section reviews the 
actor formalism and shows how the specification primitives can be defmed, 

2.1. Actors, Messages, and Events 

In Hewitt's model, everything is an actor, including procedures, data, tasks, and messages. Actors are 
black boxes that can send and receive messages. Messages are guaranteed to arrive some finite time after they 
were sent. The behavior of a system of actors can be captured by recording the messages received by the actors 
in the system. This approach focuses on interfaces and on externally observable behavior rather than on the 
internal mechanisms for realizing that behavior, Formally, the behavior of an actor system is a partially ordered 
set of events. 

An event occurs when an actor (the target of the event) receives another actor (the message of the event), 
and the two interact. Events are instantaneous and occur at discrete points in time, Each event activates fin
itely many (zero or more) other events, by sending messages to the target actors of those events. If EJ 
activates E2 then the event E2 occurs after and was caused by the event EJ. Activates is-a strict partial order
ing relation on events with at most one immediate predecessor for each event, so that the history of a computa
tion can be represented by an activation tree (or forest). Each event corresponds to the arrival of a single mes
sage, and the immediate predecessor is the event in which that message was sent, if the message originated 
inside the system, The number of direct and indirect predecessors of any event is finite. The root of the tree is 
the event that caused or triggered the rest of the computation, corresponding to the receipt of a1 request message 
originating outside the system. The activation ordering is under the designer's control, and can be used in 
either a descriptive (recording what happened) or prescriptive (specifying what is supposed to happen) way. 
The behavior of an actor can be specified by describing the set of events to be activated by the arrival of a mes
sage, as a function of the contents of that message, and possibly also of the sequence of prior messages received 
by the actor. 

The messages arriving at an actor are assumed to be totally ordered by the arrival ordering, so that the 
sequence of messages received by an actor is a well defined concept. This assumption implies that messages 
are always received one at a time, even though they may originate from several independent processes, and in 
the case of a parallel implementation requires reliable arbitration hardware. An actor can accept the next mes
sage only after the state changes due to the previous message have taken effect and the messages-activated by 
the previous message have been sent. The arrival ordering is needed to define actors with internal states. The 
behavior of such actors depends on previous messages, and is sensitive to the order in which those messages 
arrived. The arrival order can be observed but cannot be precisely predicted, and can be controlled by the 
designer only by introducing activation orderings among the arrival events. Unpredictable transmission delays 
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are the sole source of nondeterminism in the model. 

Actors are locally deterministic and independent, in the sense that the set of events activated by the arrival 
of a message M at an actor A is a function of the sequence of messages received by A up to and including M 
[10]. Actors are independent in the sense that the messages sent by an actor are completely determined by the 
messages received by that actor. This implies actors have no hidden interactions, because the behavior of an 
actor cannot be affected by the messages received by other actors. We believe that the components of a func
tional specification must have this independence property for the sake of clarity and ease of analysis. 

Some care is required in aggregation, because the independence property is not automatically preserved 
when a system of actors is treated as a single actor. A sufficient condition for independence is that all messages 
crossing the boundaries of the subsystem must be included in the sequence of messages received by the actor 
representing the entire subsystem, and that those messages do not contain objects that are capable of changing 
state. This condition is stronger than necessary, because it implies independent subsystems do not share sub
components. Actors without internal states may serve as components of two distinct independent subsystems, 
because the behavior of such subsystems is the same as if each subsystem had its own copy of the shared actor. 

2.2. Abstractions for Functional Specifications 

A specification language should support the kinds of abstractions commonly used in describing software 
systems. The abstractions needed for functional specification are transforms, state machines, and data types. 
This section shows how these abstractions can be modeled as actors. The examples in the next section show 
that these building blocks are sufficient to describe most current software systems. 

2.2.1. Transforms 

A transform is an actor that computes a mathematical function, in the sense that the events activated by a 
message depend only on that message, and not on the contents of earlier messages. A transform has no 
memory or internal state. There may be more than one response to a single request, in which case the 
responses are not causally ordered, and the potential for a parallel implementation exists. Responses can either 
be sent to the actor that originated the request, as happens when a subroutine returns a value, or they can be 
sent to other actors, as happens in a system with a pipeline structure. 

2.2.2. State Machines 

A state machine is an actor that exhibits internal memory, in the sense that the events activated by a mes
sage depend on earlier messages. Many software systems contain databases or provide commands that allow 
users to modify internal states in ways that affect the behavior of the system. Examples are inventory control 
systems, operating systems, and flight simulators. Such systems are naturally modeled as state machines, where 
user commands or transactions correspond to messages received by the state machine, and the answers produced 
by the system correspond to the reply messages sent by the state machine. 

2.2.3. Types 

A data type or data abstraction consists of a set of data objects and a set of operations for creating and 
manipulating those objects. Data types are used in functional specifications in modeling messages and states of 
state machines. The data types common in mathematics and in programming languages should be defined once 
and kept in a specification library, while the data types specific to the problem area will have to be defined for 
each application. The ability to defme new types is important in cases where the standard types do not naturally 
describe the meaning of the data, or where the meaning of the data will be gradually extended. Using the data 
types natural to a problem can greatly improve the clarity of a specification. For example, a natural data type 
to use in modeling an airline reservation system is a flight. Defming the meaning of a new data type in terms 
of the operations provided rather than in terms of a data structure has the advantage of decoupling different 
kinds of interactions with the data. New operations can be added or existing ones modified without affecting 
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the meaning of the other operations, or the conceptual model of the data. 

In an actor model for a data type, the operations of the type correspond to messages recognized by the 
actors representing the type. The actor model can be organized in at least two ways. 

The first way [10] is to model the entire type as an actor, and the instances of the type as a distinct set of 
actors. The actor representing the type as a whole recognizes and responds to messages that create new objects 
of the type. The actors representing the instances of the type recognize messages that manipulate existing 
objects of the type. This kind of model is natural for an object oriented style of programming, which is sup
ported in languages such as SMALLTALK[l1,12] and versions of USP with flavors [13]. 

The second way is to model the type as an actor that recognizes messages corresponding to all of the 
operations of the data abstraction. In this case the instances of the type have a more passive role, and can be 
represented either as actors or as elements of appropriately chosen abstract sets. This kind of model 
corresponds to the style of programming natural in most other languages supporting data abstractions, such as 
CLU[14], ALPHARD[15], ADA[l6], and so on. 

We believe that the concepts and paradigms of the specification language should compatibly extend those 
supported by the programming language. Artificial encodings should be avoided, because they add to the intel
lectual burdens of the analysts and designers, whose capacity is typically strained to the limit as it is. Since the 
second class of programming languages is more widely used, we have developed the second approach to model
ing data abstractions in this paper. Reworking the specification language along the lines of the first approach 
for applications where that is more natural does not present any difficulties. 

We believe that only immutable data abstractions, whose objects cannot be modified, should be used in 
functional specifications, because the resulting specifications are easier to understand and to analyze, and 
because it is easier to establish the independence property for subsystems of actors. The subset of MSG 
described here does not allow the definition of mutable data types. 

3. The Description Language MSG 

This section presents the subset of of MSG needed for functional specifications. Full MSG also provides 
support for design, including facilities for describing mutable types, iterators[17], and algorithms. The use of 
MSG in the design stage will be discussed in a later paper. 

MSG is a means for defining actors, supplying primitives for modeling data and machine states and sup
porting the concepts defmed in the previous section. MSG provides a set of primitives for describing both the 
data and the control aspects of a machine state. The semantics of the language will be discussed informally, 
using examples, rather than giving a formal definition of the syntax and of the mapping from MSG module 
specs into classes of actors. 

3.1. Modeling Data 

An important part of functional specification is modeling the data in the system, to capture the aspects of 
that data that will be visible to the user of the system. Abstraction is essential at this stage, because it is impor~ 
tant to pin down the information content of the data without getting bogged down in the design of storage struc
tures. There are two well known ways to defme data abstractly, based on axioms and abstract models. 

Axiomatic definitions of data are well suited for doing proofs[ IS, 19,20,21], but they are difficult to 
understand and to modify without introducing inconsistencies or unwanted effects, even for people with exten
sive mathematical training. 

An abstract model is a conceptual representation for the data, intended to capture the information content 
of the data in the simplest possible manner. For example, an appropriate model for a symbol table is a mapping 

- 6-



from identifiers to attribute values. Such a model pins down the meaning of the data without ruling out any of 
the large number of data structures that can be used t<;:> implement the type. The abstract model is chosen for 
simplicity and directness of description, and is usually much simpler than the data structures of the implementa
tion, which are engineered for space and time efficiency. Conceptual representations are used in defining the 
operations of the data type, and in expressing assertions about the objects of the type. Unlike the storage 
representation of an abstract data type, which is private to its implementation, the conceptual representation 
must be public. The conceptual representation may be needed in assertions because the operations provided by 
the type may be sufficient to compute the desired results but may not be sufficient for describing the essential 
properties of those results. The axiomatic approaches have been forced to introduce "hidden functions" to deal 
with this problem[22]. 

Abstract models provide a means of visualizing and informally reasoning about the data objects of the 
type. We believe that people really understand an unfamiliar data type only when they can construct a concep
tual representation. Formal reasoning based on abstract models has been studied[23,24,10,25], and there 
appears to be no essential difference in the difficulty of constructing proofs using the two techniques, so that 
ease of understanding and modification are the determining factors in the choice of a data modeling technique. 

3.1.1. Building Blocks 

MSG supports the abstract model approach for specifying data. The basic building blocks for conceptual 
representations in MSG are generated by a set of basic types and a set of domain constructors. The basic types 
include a number of well understood mathematical domains, such as truth values, integers, real numbers, 
strings, and the singleton domain null = {nil}, as well as any previously defined abstract types. The domain 
constructors are standard mathematical operations such as Cartesian products, disjoint unions, sequences, power 
sets, function spaces, and relation spaces. The domain constructors can be applied recursively as well as to pre
viously constructed types. Recursive domain equations involving function spaces and power sets do not lead to 
subtleties involving cardinality as they do in denotational semantics[26,27] because all of our compound objects 
contain only finitely many subcomponents. 

All of the built in types correspond to the standard mathematical notions - size and precision are unlimited 
and instances of the built in types cannot be modified. All restrictions and state changes are explicitly described 
by MSG assertions. 

3.1.2. Notation 

Fig 1 shows the domain constructors available in MSG. 01 and 02 are domains. Tuple(a: Dl, b: 02) 
denotes the set of all labeled pairs, where the first element of each pair has the label "a" and belongs to 01, 
while the second element has the label ''b" and belongs to 02. Oneof(a: 01, b: 02) denotes the disjoint union 
of 01 and 02, where elements of 01 carry the label "a" and elements of 02 carry the label ''b". Map(from: 
01, to: 02) denotes the set of all mappings from finite subsets of 01 to 02. Maps are single valued, while 
relations can be many to many. There can be any fmite number of labeled components in a tuple, oneof, or 

set (01) 
sequence (0 1) 
tuple (a: D1, b: 02) 
oneof (a: 01, b: 02) 
map (from: 01, to: 02) 
relation (a: 01, b: 02) 

finite subsets of 01 
finite sequences from 0 1 
labeled Cartesian product 
disjoint union 
finite mappings from 01 to 02 
set(tuple(a: Dl, b: 02)) 

Fig. 1 Domain Constructors 
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relation type. 

Individual sets are written by listing the element: enclosed in "{}", while sequences are enclosed in ''[]". 
Within such a context, an unadorned variable denotes an element, while a variable prefixed with a "!" denotes a 
(possibly empty) subset or subsequence. An element of a disjoint union is written as "tag: value", where the":" 
is an infix pairing operator. Mappings are treated and written as sets of pairs, so that "{1: 2, 2: 4}" denotes the 
function that maps 1 into 2, 2 into 4, and is undefined ·for all other values. Tuples are treated as mappings 
from labels to components values, and the dot notation for record components common to many programming 
languages is supported, so that if x denotes the tuple {a: 3, b: 7} then x.a = x(a) = 3. The order of the pairs in 
a tuple is not significant. 

3.2. Data Type Example 

The basic features of the language are illustrated in Fig. 2, which shows a model of the text_ block data 
abstraction, which is useful for describing output layouts. MSG keywords and built-in types and functions are 
shown in boldface. This example was inspired by the display description facilities in Descartes[28], greatly res
tricted and simplified. We assume that text and spaces consist of characters with a uniform height and width. 
The text_ block type provides operations intended to make it easy to write specifications of two dimensional lay
outs, which can get awkward without geometrical abstractions. We feel the difficult concepts in functional 
specifications should be isolated in formally identified abstractions, which are easy to use although they may be 
hard to defme. 

A text_ block is a rectangular region of text (comments in MSG extend from the first"%" on a line to the 
end of the line). The conceptual representation of a text_ block has three components, the height and width of 
the rectangle and the text it contains. The assertion in the where clause attached to a model declaration is 
called a data invariant because it must be satisfied by all valid conceptual representations for the type. In the 
example the data invariant requires the rectangle to have non-negative dimensions and the text to be defined 
throughout the rectangle. 

The text is represented as a map from coordinates to characters, resembling a two dimensional array. 
Maps are similar to arrays, except that the index set can be any data type and the associated values cannot be 
modified. Maps are very useful in modeling. For example, a symbol table is a map from character strings to 
attribute values. 

The create operation creates a one line text_ block from a given string. The above and before operations 
create composite blocks with a vertical or a horizontal alignment, respectively. The window operation extracts 
subregions of a larger block, and the image operation makes textflles suitable for printers with a bounded width 
from text_ blocks that can be arbitrarily wide. 

The behavior of an actor is defined by describing all of the primitive actions it may perform. A primitive 
action consists of the arrival of a message and the sending of a finite number of responses. A message can 
have a name, which indicates the operation to be performed, and a finite number of components, which must be 
named if there is more than one. Descriptions of message layouts are introduced by the keywords receive, 
reply, and send. The tuple that follows gives the names and types- of the components of the message, and 
specifies the interface information that would appear in the heading of a procedure definition in a typical pro
gramming language. The message produced by a reply goes back to the actor that sent the request message, 
while that produced by a send goes to an explicitly named actor. Receive, reply, and send can be followed by 
an assertion in a where clause, which restricts and describes the values that may be taken by the components of 
the message. The assertion attached to a receive is a precondition or a guard, while the assertion attached to a 
reply or send is a postcondition. Compound actions are variants of guarded commands[29] composed of other 
actions, either primitive or compound. The example shows the conditional form (cases) of a guarded command. 
There is also an iterative form that is used in defining state machines. As in [30], termination of an iteration 
must be explicitly indicated by a keyword (exit) attached to one of the alternatives. If all of the guards are 
false, nothing happens pending the arrival of a message, as in [31]. If several guards are true, the results are 
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type text_ block 
model {height, width: integer, 

text: map(from: {row: l..height, col: l..width}, to: char)} 
where height>= 0, width >= 0, total_function(text) 
behavior 

cases 
receive create{line: string} 
reply b: text_ block 
where b = {height: 1, width: length (line), text: t}, 

t(row: 1, col: c) = line[ c) for all c in indices(line) 
or % extract a sub-block with given bounds 

receive window{b: text block, rmin, rmax, cmin, cmax: integer} 
where b = {height; h, width; W, text: t} 
reply bb: text block 
where bb = {height: hh, width: ww, text: tt}, 

% rectangular blocks of text 
% row * 1 top, col * 1 left 

hh = max(l +rmax-rmin, 0), ww = max(_l +cmax-cmin, 0), 
ifr in l..hh and c in l..ww and r+rmin-1 in l..h and c+cmin-1 in l..w 
then tt(row: r, col: c) = t(row: r+rmin-1, col: c+cmin-1) 
else_if r in l..hh and c in Lww then tt(row: r, col: c) = "" end_if 

or % put one block above another with a given space in between 
receive above{ top, bot: text_ block, space: integer}. 
where top = {height: h1, width: wl, text: tl}, 

bot = {height: h2, width: w2, text: t2} 
reply b: text_ block 
where b = {height: h, width: w, text: t}, s = max(space, 0), 

h = h1 +s+h2, w = max(w1, w2), t(row: r, col: c) = 
if r in l..h1 and c in 1.. wl then tl(row: r, col: c) 
else_if r-(hl +s) in l..h2 and c in l..w2 

then t2(row: r-(hl +s), col: c) 
else if r in l..h and c in l..w then"" end if - -

or % put one block left of another with a given space in between 
receive before{left, right: text_block, space: integer} 
reply b: text_ block % like above, rows and columns switched 

or % print out a block in vertical strips of max width pw 
receive image{b: text_ block, pw: integer} 
where b = {height: h, width: w, text: t} 
reply d: sequence(string) 
where if h = 0 or w = 0 or pw <= 0 then d = [] 

else_if w <= pw 
then d = [line, !dd], 

line[c) = t(row: 1, col: c) for all c in indices(line), 
length(line) = w, dd = image(b: bb, pw: pw), 

. % sequence of text lines 
% empty window 
% block width < = page width 

bb = window(b: b, rmin: 2, rmax: h, cmin: 1, cmax: w) 
else d = [!d1, !d2], 

dl = image(b: b1, pw: pw), d2 = image(b: b2, pw: pw), 
bl = window(b: b, rmin: 1, rmax: h, cmin: 1, cmax: pw), 
b2 = window(b: b, rmin: 1, rmax: h, cmin: pw+1, cmax: w) 

end_if 
end cases 

end text block 
Fig. 2 Text block module 
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nondeterministic. We expect most guarded commands to have disjoint guards. 

Assertions can be used to introduce names for subcomponents. For example the guard for the above 
operation introduces w 1, hi, tl, w2, h2 and t2 as names for the components of top and bot. The types of such 
local names are determined by context. In the image operation, "line" is a local name for the first line in d, 
while dd is a local name for the sequence containing all but the ftrst line of d. Note how the "!" prefix affects 
the implied type of local variables. 

Assertions have truth values and do not have side effects, so that the order in which they are written is 
immaterial. The results of sending a message to an actor can be used in an assertion, such as window in the 
example, provided that the request does not cause any state changes (the action in question is not part of a 
longer action sequence and has a reply but no send or update clauses). The meaning of a set of assertions is 
the conjunction of its elements. 

We believe conditional assertions can make complicated conditions easier to understand. Conditional 
assertions are defined by the following equivalence: 

if P then Q eise R end_if = (P and Q) or (not P and R). 

An example of a conditional assertion can be found in the defmition of the image operation of text_ block. 

3.3. Modeling States 

For theoretical purposes, the state of an actor can be taken to be the equivalence class of message 
sequences that will drive the actor into the given state, while for purposes of analysis and design, conceptual 
representations are more convenient[lO]. We have found it useful to distinguish between data states and control 
states. 

A data state represents the long term memory of an actor, and has a conceptual representation of the kind 
described above. Data states are useful for describing mutable data types and state machines that perform single 
atomic actions. 

A control state represents the short term memory of an actor, and can be modeled as a fmite state automa
ton. The correspondence between the control structures of MSG and regular expressions is shown in Fig. 3, 
while the correspondence between regular expressions and fmite state automata is well known[32]. Control 
states are useful for describing state machines that perform transactions involving sequences of actions, such as 
interactive terminal sessions or communications protocols. We have provided a special mechanism for describ
ing control states because we believe encoding control states as data states complicates a specification. 

Control states are like R-nets in SREM[3], except that irrelevant details are suppressed. At the functional 
specification stage, they should be used to define control sequences only to the level of detail that is visible 
from outside the system: ideally, each state transition of the model should correspond to the receipt of a mes
sage and the sending of the associated responses, where all of the messages mentioned cross the system boun
dary. We have allowed the receive clause of a guard to remain optional in MSG despite this ideal, because it is 

a and_then b (a; b) 
cases a or ... or z end cases (a I ... I z) 
repeat a or ... or z end_ repeat (a I ... I z)* 

Fig. 3 Regular Expressions for MSG Control States 
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sometimes convenient to factor out common parts of a set of guards in a nested cases statement (cf. the undo 
operation in the editor example). 

3.4. Functional Specification Example 

When using MSG to record a functional specification, each of the software subsystems to be built and 
each of the external systems with which they interact are modeled as actors. In this section we give a func
tional specification for a simplified text editor, which interacts with two external systems, the user and the file 
system. A partial functional specification for the text editor is shown in Fig. 4. This example illustrates the 
use of auxiliary defmitions and of conceptual representations for states. 

Auxiliary definitions are used to introduce symbolic names for abstractions useful in modeling the system 
at hand. In this example, we have used definitions to introduce a symbolic name for the type line_ number, and 
for last, a derived component of the state representing the line number of the last line in the buffer. Definitions 
can also be used to introduce symbolic constants, predicates, and functions. Concepts needed to describe pro
perties of the system should be introduced as definitions, while entities used to represent components of the sys
tem should be introduced as modules defming actors. Definitions can be imported from other modules, to avoid 
duplication and potential inconsistency. 

The data state of the editor is modeled as a tuple with several named components. The components of a 
data state are supposed to be logically independent, although some constraints may be imposed by the data 
invariant (eg. the current line here must be within the bounds of the current buffer). It is sometimes convenient 
to define derived components of the state, such as last. Derived components are analogous to derived v
functions in SPECIAL and to computed views in databases. The values of derived components are completely 
determined by the primary components of the data state, and cannot have their new values constrained by 
update assertions. 

The control states of a state machine are defined implicitly by the primitive actions in the behavior sec
tion. The alternatives of a guarded command are separated by the keyword or while the components of an 
action sequence are separated by the keyword and_ then. These keywords act like the alternation and concate
nation operations in regular expressions. A repeating guarded command terminates when an action containing 
the keyword exit occurs. 

The editor has a transient initial state, where it is waiting for a file name, followed by a recurring state 
where it obtains and executes commands, until it receives a quit command. State transitions are described by 
sets of assertions following the keyword update, in which context unadorned variables denote their values in the 
Qld state, while variables prefixed with a"*" denote their values in the new state. 

Variants in message layouts are implicit. The receive clause is part of the guard, which is true if and 
only if the message that was last received has a name and a layout matching the names and types specified by 
the receive, and the contents of the message satisfy the constraints imposed by the where clause, if there is 
one. Variants in incoming messages can be used to model exception handling, optional arguments, and operator 
over!oading. We follow the convention that an anonymous reply message corresponds to a normal termination 
condition, while a named reply corresponds to an exception. There are no restrictions on the number of com
ponents a reply may contain, for any termination condition. 

The editor example also illustrates the kind of decisions that must be made during the functional specifica
tion stage. Two of the requirements for this editor were facilities for inserting text and for reversing the effects 
of unintended commands. The first was provided by the insert command, which inserts a line of text after the 
current line. To demonstrate that the requirement was met, it is necessary to show that text can be inserted any
where in the file. Given that there will be another command to set the current line, this is the case, because 
there is a line position before the first line of text that enables insertions at the beginning, as well as after each 
line in the buffer. Even though the requirement can be met, it is still necessary to check that the commands for 
doing so are acceptable to the user: moving to insert text before the current line may be too cumbersome, or a 
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machine editor 
define line_ number = integer 
defme last = length(buffer) 
import document, textline, file_name 

from filesystem 
model {buffer: document, 

here: line_ number, 
current file: file name, 
history;-sequence(document)} 

where 0 <= here, here <= last 
behavior 

receive edit{f: flle_name} 
update *buffer = filesystem.contents(name: f), 

*here = 0, *current_flle = f, *history = [] 
and then 

repeat 
send prompt{s: string} to user where s = "command:" 

and_then 
cases 

receive command{op: string, line: textline} 
where op = "insert" 
update *buffer = [!prefix, line, !suffix], 

prefix = buffer[l .. here], 

or 

suffix = buffer[here+ 1 .. last], 
*here = here + 1, 
*history = [buffer, !history] 

receive command{op: string} where op = "undo" 
cases 

history = [b, !h] 
update *buffer= b, *history = h 

or 
history = [] 
send undo_failure{s: string} to user 
where s = "nothing to undo?!" 

end cases 
or 

receive command{op: string} where op = "quit'' 
send update{name: file name, contents: document} to filesystem 
where name = current file, contents = buffer 

% local definition 
%last line 
% nonlocal defs 

% working copy 
% current line 

% history of buffer 

% after current line 

% new line current 

send response{s: string} to user where s = [!current_file, "updated"] 
exit % from repeat 

or 

end_cases 
end_repeat 

end editor 

% other commands 

Fig. 4 A Simple Text Editor 

fictitious line before the first may be too confusing. Similarly the second requirement is met by the undo com
mand, and it is necessary to check whether it is acceptable for the undo command itself to be irreversible, and 
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for text changes to be reversible while line motion is not. 

As can be seen, many of the most difficult decisions involving design tradeoffs and interpretations of 
requirements are made in the functional specification stage. We feel that precise and formal functional specifi
cations are essential at this stage, to force refinement of all vague concepts in the requirements. Otherwise, 
some of these refinements will not be done or reviewed until the coding phase, when revisions are much more 
expensive. While the effort of producing a formal functional specification may not be negligible compared to 
coding, it should still be appreciably smaller because many details are left out. For example, the specification 
of the undo command is simple to express given our conceptual representation of the editor state, whereas an 
implementation is likely to be orders of magnitude more complex, due to efficiency considerations: in the imple
mentation, it will be necessary to save differential state information, rather than a snapshot of the entire buffer 
after each command. 

A model of the user of the editor is shown in Fig. 5. This model is used to document assumptions about 
how the user initiates and terminates an editing session. A more thorough discussion of the importance of 
modeling the environment of the proposed system can be found in [8]. 

A model of the filesystem is shown in Fig. 6. Models of the external systems that will interact with the 
proposed system are important because they provide a place to document assumptions about external interfaces. 
It is often useful to simplify and abstract from the real interface to the external system, because this contributes 
to portability and the concurrent design of systems. For example, the update operation of the filesystem will 
either create a new file or modify an existing one, as appropriate, masking a distinction that is maintained by 
many real file systems. If the proposed system relies only on the virtual interface defined in the functional 
specification, then in order to port the system to a new environment, all that must be done is to re-implement 
routines with those interfaces in terms of the primitives provided by the new environment. The same applies to 
concurrent development, where software is designed before the details of the operating environment and the 
hardware configuration are fixed. 

machine user 
import file_ name from filesystem 
behavior 

send edit{f: file_ name} to editor 
and then 

repeat 
receive prompt{s: string} 
send command to editor 

or 
receive response{s: string} 
where s -= [!f, "updated"] 

or 
receive response{s: string} 
where s = [!f, "updated"] 
exit 

end~repeat 
end user 

% invoke editor 

% done editing 

Fig. 5 User of the Editor 
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machine filesystem 
deime file_ name = string 
define document = sequence(textline) 
deime textline -= string 
model map(from: ftle_name, to: document) 
behavior 

cases 
receive contents{name: file name} 
reply {text: document} -
where if ftlesystem = {name: c, !rest} 

then text = c else text = [] end_ if 
or 

receive update{name: ftle_name, contents: document} 
update if filesystem = {name: c, !rest} 

or 

then *filesystem = {name: contents, !rest} % file exists already 
else *filesystem = {name: contents, !filesystem} % new file 
end if 

% other filesystem operations 
end cases 

end filesystem 
Fig. 6 Filesystem Model for the Editor 

3.5. Use of Decomposition 

Abstraction rather than decomposition is the primary means for controlling complexity in MSG. We 
believe that decomposition is important for the graphical methods of functional specification because it provides 
a way to abstract from details. Decomposition is an imperfect vehicle for supporting abstractions, because com
posite objects cannot be understood independently of their parts. Decomposition is better suited for defining the 
structure of a particular mechanism for implementing a system, as is needed in a feasibility study, than it is for 
precisely defming a user interface, as is needed in a functional specification. 

In MSG, each actor is viewed as a black box, so that the meaning of the actor is described by giving 
assertions about the inputs and outputs, rather than by specifying what is inside the box. There is no hierarchy 
of modules in the usual sense. Since calls on other actors are allowed in assertions, we can still have some 
actors defined in terms of other actors, but the lower level actors are used to recognize the correct outputs of the 
higher level actor, rather than to construct those outputs, as in a conventional decomposition. 

The system to be built can be described as a collection of actors rather than as a single actor, where all of 
the actors are on the same level. This is useful for partitioning large systems into independent functions, and 
also for allowing the system behavior to be described at the most natural level of abstraction. In such a case, 
there will be an actor describing the (each) central function performed by the system, and a pair of actors 
describing the transformations from concrete inputs to abstract inputs and from abstract outputs to concrete out
puts. The editor example above shows only the central machine, without giving the mapping from the strings 
typed by the user to abstract editor commands. Formats and responses to ill formed inputs must be included in 
a complete functional specification. 

4. Diagrams and Walkthroughs 

The diagrams associated with MSG were chosen to meet the following constraints - they must be con
sistent with and support the underlying computational model, be usable on video display terminals (VDT), and 



be mechanically derivable from the MSG specification. There are several different kinds of information in an 
MSG specification, and we provide a separate type of diagram summarizing each kind of information. The fun
damental diagram provides an overview of the system of actors, while the action diagrams provide descriptions 
of individual actors. All of the diagrams are directed graphs, where the types of the components and interac
tions are indicated by different kinds of nodes and arcs. 

The fundamental diagram shows the actors representing the system and its environment and the message 
paths connecting them, and is an extension of the DeMarco data flow diagram. Figure 7 shows the fundamental 
diagram for the editor example. Transform actors are shown as circles, machine actors as rectangles, type 
actors as rectangles with a double top, and message links as solid lines with arrowheads in the direction of 
information flow. There is one node for each actor, and one arc for each message sent from one actor to 
another. Labels for the nodes and arcs are derived from comments in the MSG text. 

There are only three nodes in the diagram for this example, while a more realistic one would have five, 
with transforms mapping concrete inputs into abstract ones, and abstract outputs.into concrete ones. We believe 
the central subsystems of a functional specification should be defined in terms of the most natural conceptual 
representation for the data, and tha~ the input/output formats for the data should be defmed by separate 
transforms. This has the merit of simplifying the specifications and of decoupling decisions that must be made 
early (central functions) from those that are likely to change (formats). If this strategy is followed, the funda
mental diagram will have a small number of components for all but the most complex systems: roughly equal to 
the number of subsystems, external systems, input types, and output types. 

For very large systems, the fundamental diagram may be too complicated for use in reviews and walk
throughs. We provide a mechanism to derive more suitable diagrams, in which groups of actors are represented 
by subsystem nodes and are connected by message trunks. Subsystems are groups of transforms, machines, and 
types which are shown as squ<:~es with inscribed circles. Trunks are groups of message lines shown as double 
solid arrows. Note that these .ue display abstractions, not behavior abstractions, and do not imply an intention 
by the designer to regard the grouping as significant. We envision an interactive display with the ability to 
expand a trunk into its component messages on request, which initially shows a trunk for each pair of actors 
that exchange more than one kind of message. Figure 7 shows the various filesystem messages grouped into a 
trunk for easy viewing. 

The action diagrams are provided to display the descriptions of individual actors. These diagrams show a 
summary of the externally observable behavior of an actor, in a format similar to a traditional flowchart. The 
temptation to include details that are not externally observable can be countered by a guideline requiring every 
primitive action to either receive or transmit a message. Since the behavior of a type or machine can contain a 
very large number of cases, the diagrams are layered, where lower level diagrams show explosions of composite 
nodes in higher level diagrams. The structure of the MSG description is shown in terms of sequences, cases, 
repeats and primitive actions. An action which does not update the state of an actor is represented by a circle, 
while one that does update the state is represented by a rectangle. Causal chains are depicted by a dashed line 
connecting action, case and repeat symbols. Cases and repeats are shown as squares with inscribed circles, 
cases being differentiated from repeats by entry labels on the symbols ( + for cases, * for repeats). The explo
sion of the editor actor is shown in Figure 8, while a subsequent explosion of a repeat is shown in Figure 9. 

We envision a work style where diagrams are used as an informal notation in the early stages of analysis, 
to support exploration and refinement of tentative ideas, supported by a graphics workstation. When the struc
ture of the specification has stabilized, MSG text capturing the information in the diagrams is automatically gen
erated from the graphics and serves as a template guiding further refinements, which are done based on the text 
form of the specification. Final reviews and walkthroughs are assisted by diagrams automatically derived from 
the final MSG specification. 
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5. Computer Aids 

Formal specifications are cumbersome to use without automated support. The most basic facilities needed 
are syntax and type checks, cross references, pretty printing, and automatic generation of diagrams. A database 
system capable of accepting MSG modules and providing access, concurrency, and configuration control is 
important for projects of any size. Facilities for graphical input of diagrams and generation of MSG skeletons 
from the diagrams are useful, as are facilities to include imported definitions automatically, because the amount 
of data entry and page flipping is reduced. 

More sophisticated aids are also made possible by the precise semantics of MSG. A tool for locating 
overlapping guards in cases or repeat statements would be useful for locating areas of potential nondetermin
ism. While such areas are not necessarily errors, they should be reviewed to make sure the nondeterminism 
was intended, rather than the result of ambiguous requirements. A tool for checking whether the data invariants 
of a data type or state machine are preserved by its primitive actions would also increase the confidence that a 
specification is well formed. Tools for simulating the behavior of a system from its functional specification 
would be useful for checking whether the specification captures the customer's intent. Test cases automatically 
derived from the functional specification would ease the burdens of implementation and quality assurance. 
Another intriguing possibility is the automatic translation of assertions from the abstract data models used in the 
functional specification to the implementation oriented data models of an architectural design, given a descrip
tion of the correspondence between the data models. We are currently investigating tools of these types. 

6. Conclusions 

We have found that a precisely defined specification language such as MSG is very important for func
tional specifications, because the language determines what can be said. Our experience with an early version 
of MSG in a software engineering course indicates that the formal and precise nature of the notation is an aid 
rather than a barrier to human designers, once the underlying concepts are mastered. A mathematical semantics 
for the language is essential in order to support computer aided design at the early stages of development. 

6.1. Contributions 

We have developed a clear and unambiguous model for the meaning of a functional specification in MSG. 
This model supports concurrency which in tum allows parallel implementations. In contrast to the DREAM[33] 
modeling system, states are local to actors and the only interactions between actors are by message passing. 
This allows responses to messages to be modeled as atomic actions, eliminating complications due to synchroni
zation, and making concurrent descriptions simple and natural. In contrast to SREM[3], we provide support for 
abstract conceptual models for states, eliminating encodings that expose complications due to implementation 
issues. The data flow and state machine paradigms have been combined in a single coherent framework. Data 
states have been distinguished from control states, and a convenient notation has been provided for defining 
each of the two. A graphical notation for providing summary information has been provided, such that the 
graphics can be related to the semantics of MSG, and can be mechanically generated from the text form of the 
MSG specification. 

6.2. Evaluation of MSG 

In this section we evaluate MSG with respect to the requirements for functional specifications set forth in 
Section 1.2. 

MSG has a Qrecise semantics, and a formal definition is in preparation. It is based on a coherent model 
of computation, namely the actor model. The examples in this paper and others we have developed for a 
software engineering course lead us to believe the notation is sufficiently powerful to (conveniently) express all 
functional aspects of system behavior. Performance considerations, such as real time constraints, have not yet 
been incorporated. The notation provides a useful set of built-in abstractions, and facilities for adding more. 
The notation is not redundant, except for the possibility of overlapping guards in a cases or receive statement. 
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The notation has been expressly designed to allow message types to be defined independently of assertions 
describing finer details, and to allow the existence of modules or interactions to be recorded even if details are 
not yet available, so that partial descriptions are supported. Modular descriptions are supported, and com
ponents in a module description have a fixed order, to make it easier to find things. Concepts defined in other 
modules must be explicitly imported, providing cross references and disambiguating nonlocal names. Our 
experience with students indicates that programmers can learn to read the notation in a few weeks, and can learn 
to write it in ten weeks. We have had limited experience with modifying MSG specifications but we believe 
the structure of the language helps to localize design decisions in the text. We have used MSG in functional 
specifications and in architectural design, and we are currently working out the sublanguage intended for module 
design. MSG can also be used in the subset of requirements defmition involving defining interfaces to external 
systems. We believe that the notation will support mechanical processing, and we are currently working on 
implementing a number of the tools mentioned in the previous section. 

6.3. Future Work 

More work is needed to develop and evaluate the effectiveness of tools that go beyond the bookkeeping 
aspects of design. We intend to use MSG to support a number of meaningful consistency checks, computer 
aided refinement of designs, and the automated generation of test cases from the specifications. 

The aspects of MSG addressing architectural and detailed design need to be refined, and will be the sub
ject of a future paper. It is currently not clear whether MSG will need to support the description of actors that 
create other actors, or if the current type mechanism is sufficient to support descriptions of applications like a 
mail system where new mailboxes and new network nodes can be created as the system runs. 

We believe that the framework developed here is promising for the specification of real time systems, but 
the details remain to be worked out. In addition to data driven processes, real time systems contain periodic 
processes, which are to be initiated at fixed time intervals. Our model must be extended to allow predicates 
involving time delays in assertions, so that actors behaving like clocks can be defined. Experience will show if 
such a modeling scheme is adequate. 

Our assumption of reliable message transmission is necessary for a guaranteed upper bound on the 
response time. Our model makes no constraints on the amount of delay in a message transmission, and-thus is 
compatible with any reasonable set of timing standards. We believe that as much of the functionality of a sys
tem as possible should be expressed independently of time, because that leads to a simpler description, and 
helps to expose opportunities for parallel implementation. 

MSG should be exercised in an application such as data processing where the functionality of the system 
is dominated by its database component, to verify our conjecture that the data modeling primitives we have 
introduced are also applicable to the conceptual modeling part of database design. 
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Fig, 7 Fundamental Diagram of the Editor 
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Fig. 8 Editor Machine Description Diagram 
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Fig. 9 Repeat Action Explosion Diagram 
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1. INTRODUCTION 

1.1. Tasks of the report. 

1. The very quick development of semiconductor technology is a 
characteristic of the last ten years. One of the most com
monly met technologies is the MOS (NMOS, PMOS, C~OS) tech
nology, used in LSI and VLSI circuits of calculators, micro
processors, wrist-watches, memories, games, military, tele
communication and industry circuits. Some modern design 
methodologies for such circuits are currently under investi
gation both in industry and at the universities [Dire81], 
[Newt81], [Alle81], [Hewl81]. 

However, to our knowledge none of the modern methodologies is 
widely accepted and practically used for circuit design. 

The problems of design of VLSI MOS circuits are complex and 
mul tiaspect. A number o'f the design criteria should be for
mulated in a way different from what was done in the classi
cal synthesis of logic circuits and their design methodology 
- a lot of new research problems arise. They result both 
from increasing the level of design as well as from the very 
specific properties of the technology, which to a higher 
extent than the previous ones combine the stages of system, 
architectural, block, logic, and technological design. At 
the same time some well known and already forgotten problems 
like for instance minimization and state assignment of auto
mata or Boolean function minimization once more appear in 
somewhat different form. 

2. Because of the large complexity of VLSI MOS circuits it is a 
current view (Hartenstein and others) that in the design of 
these circuits occur or will quickly occur the "hardware gap" 
similar to the existing already "software gap". One of the 
main possibilities of decreasing this gap is to look among 
the systematic design methodologies which make use of 
integrated design automation systems, whose input is a 
description of the circuit in a high level hardware and 
design description language. Most of the currently used 
systems are of the interactive type like CALMA or COMPUTER
VISION which lack a higher level language description and 
processing capabilities • 

3. There are different approches for CAD of VLSI circuits and 
different methodologies are proposed. What will be proposed 
in this and the following reports is an approach which 
attempts to construct systematic design procedures integrated 
in a complex design automation system. r.ve will treat some 
aspects which to our knowledge were not previously discussed. 

The report presents some concepts and ideas which underlie a 
Minnesota version of DIADES system (Digital Automata DESigner) 



and also gives a detailed description of part of the programs 
currently implemented or under implementaion. 

1.2. Custom design circuits 

1. The amount of. difficulty arising in VLSI design ·is so large that 
it can be hardly included into one unique design methodology. 
The problems can be seen from the management and market point 
of view, as well as from the technology, process orgainization, 
system architecture of different types of circuits design method
ology points of view. The present approach details only some 
specific selected problems related to MOS VLSI design and its 
automatization, not attempting to fulfill all the requirements. 

One of our goals was to take a complex view of the entire 
collection of problems of VLSI design coming from the convic
tion that automatic design is most useful when it joins suc
cessive design stages into one process and all design 
documentaion is stored in the computerized data base. Design 
using a complex design automation system gives special 
requirements to particular programs and methods of their 
interaction with the human designer. 

To have the real possibility of completing the work we have 
to limit the class of designed circuits and their complexity 
which leads us to concentrate on custom design circuits. 
Currently many companies design such circuits for the demands 
of clients in the series from 1000 to 100,000 chips, and the 
most important problem encountered here is the quick turn
around rather than optimality of the results. Because of the 
big predictions about the number of types of custom design 
circuits in the near future as well as clients demands and 
limited personnel possibilities one can assume that a big 
market will soon exist for the software packages for complete 
and quick design of such circuits. 

The custom design circuits structures strongly depend on dif
ferent requirements and conditions under which they work: 
plenty of digital structures, signal types, codes and design 
solutions are applied here. The designer must consider a number 
of criteria such as chip cost, semiconductor area, number of 
pins, standard packages, speed, and power requirements. On 
the other hand,· because of short series, the quality of circuit • 
optimization is less important than in the for instance micro
processor or calculator chips produced in very large numbers. 
Because completely automatic optimization is very hard or even 
impossible, these circuits are optimized to a large extent by 
humans which prolongs substantially the design process. Con-
trary to custom design the most important factor is the low 
cost of design and speed of the entire process of transition 
from description of design requirements of a circuit to the set 
of mask composite pictures or pattern generator controlling 
tapes. Therefore complex, complete automation of such circuits 
is easier and in some sense more needed. 



1.3. Basic assumptions of the approach 

1. One of the goals is to create a design methodology which can 
be accepted by industrial engineers who are currently very 
reluctant to use the modern design tools and do not accept 
methods which they do not completely understand and cannot 
readily verify. We want to reach this goal on the analysis 
of different currently used design methodologies and both 
univeristy and industries approaches to CAD of VLSI. 

2. The problem of VLSI can be approached with design based on 
homogeneous structures [Menn68], [Odno73], [Mead80]. However 
such structures seem to be useful only in selected types of 
circuits and are seldom used in custom design. They will not 
be treated in this report at all. 

3. Another assumption applied is that the methodology proposed 
be easily adaptable to rapidly changing technologies. As we 
will see in the sequel some of the methods presented fulfill 
these criteria and can be applied to a wider class of cir
cuits. A part of the methods apply abstract descriptions and 
is dependent on the changing technologies only through the 
replaceable cost functions. The other part transforms 
descriptons on so high a level it is not dependent on the 
technology and as such it also fulfills the assumption. 

4. The next assumption is connected with the desire of investi
gating new, original design methods and algorithms, however 
these may be more risky from the point of view of practical 
efficiency (for instance then the algorithms of joint minimi
zation and state assignment of automata). 

5. Much attention is devoted to the problems of optimization 
(minimization) of circuits. This is achieved through system, 
logic and topologico-geometrical methods. This caused ela
boration of new. algorithms for Boolean minimization of dif
ferent types of circuits, state assignment of automata, 
Manhattan layout minimization and other. 

On the other hand in designing the system as a whole we consider 
the project of optimization on the highest design level as the 
most important. With respect to the requirements of efficiency 
of algorthirns the system practically applies approximative 
(suboptimal) methods. However by its design attention was given 
to having the potential possibility of generating different 
equivalent variants of the circuit from the very highest levels 
of design. It is then not reasonable, in our opinion, to apply 
t~me consuming minimization to partial problems while the entire 
design problem is solved without even an attempt for minimization 
(for instance when the excitation functions of a counter are 
minimized which can be totally rejected from the circuit as a 
result of flow diagram optimizing algorithm which deletes redun
dant variables). Let us also point out that often it is difficult 
to define properly a specified cost function: we do not know if 



the function assumed really specifies our assumptions with 
respect to the evaluation of different variants of the designed 
circuit - it is then not reasonable to find solutions which are 
absolutely minimal with respect to such "artificial" method of 
variants evaluation. The authors are convinced that ootimization 
of the circuit on the higher design levels lead to better results 
than only at the mask des1gn level. On the other hand note that 
the design process must be iterated, because often we cannot 
express the idea of area minimization through minimization of 
some cost functions on the higher level of description. In MOS 
VLSI circuits it is sometimes, for instance, pr_ofi table to copy 
twice a certain counter with the goal of getting smaller amount 
of wires - the system design is then here strictly bound to the 
technological level. 

6. In an MOS VLSI design automation system we often meet very 
complex combinatorial optimization problems. For solutions 
of the problems of this type we can take one of the following 
approaches: 
- simplify the problem and next look for its strictly optimal 

solution, 
- look for the quasioptimal solution to the nonsimplified 

problem. 

Selection of one of the above approaches should always depend on 
the specifics of the problem. 

One of our approaches was also to systematize the optimization 
methods applied in different design· automation algorithms and 
making a common base for them.· Different authors investigate 
mainly either approximative algorithms (mainly industrial) or 
strict algorithms which are very inefficient {mainly from 
universities). Our goal was to match (reconsile) the requirements 
of practice and the goals of theory. The heuristic method gives 
no full satisfaction (even to practically oriented system 
creators) because it never says how far is the solution gen.erated 
from the real optimum. On the other hand (as it results both 
from the theoretical research in program complexity· [Karp72] as 
well as from the common experience) only the approximative method 
is able to generate results for practical problems of higher 
dimensions in the interesting for us class of problems. 

Authors look then for certain compromises: everywhere where it 
was possible to strictly formulate the optimization problems we 
apply the methods (and respectively - algorithms) of tree search 
- mainly based on the branch-and-bound principle. We will call 
these algorithms the tree algorithms. These algorithms are full, 
i.e., they have potential possibility of searching the compl~ 
space of solutions and are convergent (or minimal), i.e., they 
guarantee finding of the minimal solutions (i.e., solutions with 
minimal value of the cost function). This property results from 
their fulness, halting property and that they generate even 
better solutions. Application of branch-and-bound principle pre
vents from extensive complete search, which increases their effi-

r 



ciency with respect to the algorithms which search the complete 
solution space. However, their real efficiency results mainly 
from application of heuristics, and we practically remain nearly 
always with the quasiminimal solutions. 

In our opinion the advantage of one method of automatic design 
over another one lies in equal extent in theoretically proven 
properties which limit the (always occuring) combinatorial search, 
as in respecting several heuristic, algorithmic and software 
aspects which are rarely discussed. These aspects can be pre
sented by discussing algorithms and solution processes. The 
detailed discussion of programs is difficult so we will pr~sent 
only general algorithms. 

7. For practical reasons (or sometimes also theoretical) in many 
problems the tree algorithms cannot be applied. In these 
problems, related mainly to the system or technological 
synthesis, the typically heuristic approach was applied, which 
utilizes different rules based on experience of modelling the 
behavior of a designer. We utilize here different programming 
techniques known from Artificial Intelligence as well as 
human-computer conversation, where the designer undertakes 
alternative decisions, selects design statements and proce
dures. For some of the problems discussed in the sequel spe
cification of strict optimal algorithms is impossible for 
three reasons: 

mathematical unsolvability of some problems (for instance 
in solvability of some problems arising by optimization 
of flow-diagrams arises from the unsolvability of Post. 
word problem), 
combinatorial exposion which occur in practically all 
problems and makes application of minimizing algorithms 
impossible even for some very simple problems for which 
such algorithms theoretically exist<*J, 
fuzziness of criteria and assumptions of synthesis, 
which are partially formulated and precized by the 
designer in the entire synthesis process itself. 

8. The next assumption relates to the system organization. One 
tries to select such subroutines and data structures \mich 
can be used for many reasons. We have tried to organize the 
programs as a hierarchy of modules with possible wide scope 
of application at e~ch of its levels. 

(*) According to the Karp hypothesis [Karp72] and other research 
in program complexity the combinatorial explosion is in such 
problems unavoidable because polynomially convergent 
algorithms do not exist. 



2. DESIGN AUTOMATION SYSTEMS 

The traditional digital design procedures are inadequate for 
modern VLSI systems: 

they cannot be used on large systems, 
they do not consider standard blocks, 
they do not correspond to the typical design methods practically 
used by hardware VLSI designers, 
the descr~ption languages used in the procedures are too poor 
to describe the systems. 

As a result of these drawbacks these methods can be applied only 
for synthesis of digital blocks such as: counters, adders, simple 
control units; while for the design of entire systems on a chip 
composed of such blocks the elaboration of new design methods is 
required. 

2.1. Requirements for systems of automatic design of VLSI 
digital sytems. 

We will now discuss the requirements· for the systems of automatic 
design. The different authors and systems design teams formulate 
various requirements including tasks of synthesis, analysis, 
simulation, verification, and documentation. According to current 
knowledge no one of the systems fulfills all the requirements 
specified below: 

Sl. System should have many description levels· corresponding to 
the different design levels (system, block, logical, circuit, 
geometrical levels) and the design process should be multi
stage. Synthesis consists in transition from general abs.tract 
descriptions to the more detailed descriptions and those 
more connected with particular technologies. 

S2. System should have simulation programs, and shall ensure 
timing and concurency analysis on many levels of description. 
The simulation should give tools for detection of bottlenecks, 
time-logic inconsistences, hazards and races. 

S3. For the simulation tasks the description of various input 
signals should be provided. 

S4. System should provide tools for generation of diagnostic tests. 

ss. Because of economical, technical, reliability and other 
design considerations the optimization of certain performance 
criteria such as total area of chip, area of certain layer, 
speed, power consumption and others is very important. The 
system should then provide the tools for automatic optimiza
tion of the selected criteria. It is also desired that it 
consider various cost functions, which can be easily 
interchanged for different technologies. The optimization 
procedures must be time and memory effective. 

r 



56. The description of the device which is produced by the system 
on all the design stages, and especially the source descrip
tion, should confirm the formal document describing uniquely 
and completely the system under des~gn. This document is 
applied by system designers, logic designers, system program
mers, customers and eventually also microcode programmers. 
The existence of the system serves then also to make coopera
tion easier among different groups of people involved in the 
entire design process. 

57. System should have tools for automatic, as well as human 
aided generation of different equivalent structures from 
standard subsystems, and for selection of the structures 
quasioptimal with respect to the certain criteria. This 
generation can be the result of the procedures transforming 
the descriptions. It can also result from selection of one 
from the several design procedures, devoted for the same aims 
but differing in quality of the results and the speed of 
obtaining them. Selection of the adequate procedure is 
related to the type and the·complexity of the problem as 
well as the computational complexity of the algorithms 
applied (for instance selection of one of the two-level 
Boolean minimization algorithms can result from number of 
minterms in the function description). 

sa. The "on-line" interactive human-computer dialog should be 
provided, at best with use of light-pen or graphic tablet: 
the designer selects menus, gives commands, questions, 
answers, uses graphic capabilities. · 

59. Programs and languages of the system should take into 
account all technical and technological constraints such as 
the application of standard blocks, limited fan-in and fan
out, number and placement of pins, standard masks for buffers, 
design rules, etc. 

510. Together with the diagnostic capabilities of the programs 
which input the data (for instance error diagnostic of 
source language compiler) all programs of the system should 
provide checking of the uniqueness and consistency of the 
solutions on many levels of description as well as the 
extended error diagnostics. This is related to the possibi
lity of multiple intervention of the human designer in the 
system run and of the different "semantic depth" of errors in 
input descriptions which causes that some errors are detected 
on further design stages. 

511. System should be flexible enough to permit changes and addi
tions in the case of technology replacement - without 
destroying the system's structure as a whole. 

512. System should be modular, easily expandable, reliable, and 
easily portable with the possibility of cooperation with 
other programs and systems. 



513. The implementation language of the system should be a language 
with powerful algorithms creating capability. It should 
provide rich data structures, problem-solving mechanisms, 
associative memory, data base, graphic input/output, data 
structures and elementary functions capable for efficient 
implementation of combinatorial logic and geometrical 
algorithms. 

514. The source language should have tools for description of 
devices related to the discussed above properties of the 
entire design automation system. 

515. The system should include a language of easy modification for 
programs and data in the design process. 

2.2. Place of hardware description languages in the design 
automation systems. 

The following groups can be distinguished among the hardware 
description languages: 

register-transfer languages (sequential languages), 
structure-description languages (nonsequential languages), 
problem-oriented languages. 

The first group includes such languages as: LOTIS, RTL, DDL, 
SFD-ALGOL, CDL, APDL, ALGORITM, AHPL; the second o~e: STRUKTURA 
or Stabler language, the third JARVS or ciclogrammes language. 

The present authors are acquainted with about 40 hardware 
description languages, while according to some references more 
than a hundred languages of this type have been proposed. Charac
terizing however most of the languages known to us we can 
conclude that: 

description of the devices• behavior is detailed in the very 
first type, 
structure of the device is practically defined on the register
transfer level and not generated by the computer. This will 
not leave to the system the possibilities of generation, 
selection and optimization of the variants, 
the problems of devices optimization and creation of the 
essentially different variants preserving their equivalence 
have been not treated in the languages, 
there are not complex statements and parallel statements, 
none of the languages includes all the properties which we 
consider important to obtain the mentioned above assumptions, 
in many languages the external languages are nonreadable and 
the internal languages are not suitable to execute the 
equivalent tranformations on them. 

On the bas of system requirements given in section 2.1 and the 
critics of current languages, as well as from our experiences 
with the previous versions of the DIADES system, the following 
requirements can be formulated with respect to the hardware 
description language being the source data to the integrated 
digital design automat~cn system: 

r 



Ll. There should exist the possibility of describing the device 
on many levels of description: algorithmic (behavior or 
system description), microprogram, functional, structural 
(logic and circuit), geometrical. The two first levels 
enable register-transfer description, the third-description 
of·abstract automata. At each of the levels the possibility 
of the more or less detailed descriptions should be provided, 
as well as the exchanges among the behavioral and the struc
tural descriptions. 

L2. Notation of the source language should ensure sufficient 
amount of information for simulation of the device, i.e., 
must provide the tools to describe its behavior. 

L3. The source language should provide sufficient information 
for the synthesis of the device. Sometimes this requires 
description of the device's structure, not only the behavior. 

L4. The source language should be clear, readable, with general 
structure similar to the known programming languages, as 
simple as possible, making easy structural programming-.-

LS. Language should be exact, it should enable expressing each 
property of the device. It can however permit for the 
general descriptio·n as well, and not to decribe the repeating 
or not important details. It should be similar to the 
informal descriptions, flowgraphs and notes used by the 
designers in the early design stages. It should be easy for 
programmer. It should not be far from the intuitive 
designers' concepts of the digital devices. 

LG. The user of the system should not necessarily know the 
internal structure of the automation system. 

L7. Language should enable description of arbitrarily complex 
parallel processes. 

L8. Language should be easily expandable and possibly provided 
with the automatic syntactic extendability. 

L9. Language should enable description of wide class of digital 
systems, not only computers but also asynchronous automata, 
iterative systems with dissipated control, etc. 

LlO. For the users' convenience the complex arithmetic, logical, 
bit, mixed and other statements should be provided. 

Lll. Language should include properties related to the possibili
ties of executing optimizing transformations, as well as the 
mechanisms for preserving description segments from such 
transformations (we will call this the fixing possibility). 

Ll2. It should give tools for modular programming by the several 
programmers. 
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Ll3. The digital systems are composed from the system under design 
(SD) and some cooperating with it external system (ES). Both 
of these systems are transducers of digital data, i.e., D/A 
and A/D converters are included to ES. By the external 
system we will then understand some device which is not under 
design (it is specified as a "black box") and whose set of 
outputs gives the nonempty product with the set of SD inputs 
or whose set of inputs has the nonempty product with the set 
of so outputs (usually both these conditions are satisfied). 
The external system can be simulated, but always the 
described signals must be interpreted as natural numbers or 
binary words. 

Ll4. Both behavioral and structural description should be hier
archical, which is the requirement of both the synthesis and 
the simulation. The digital system is the hierarchical com
position of the elementary systems. Each elementary system 
is the pair composed of CS and OU (see Fig. 2.1), the single 
CS or the single ou. Ways of interaction of these blocks 
will be described later on. Next, each CS and ou is the 
composition of the elementary units, executing the elementary 
operations. Blocks of the system should correspond to pro
cedures and macros of language, which are called through the 
names and the parameters. This permits avoiding the detailed 
structure description and simplifies the behavior description. 

LlS. Language should provide powerful error diagnostics. 

Ll6. Language should be easily realizable. 

Ll7. Language should be conversational. 

2.3. General assumptions and characteristics of the 
design automation system DIADES 

By the elaboration of DIADES system it is attempted, to include, 
if possible, the above given requirements for the system, espe
cially its source language. Before we present the specific 
languages and algorithms of DIADES, we will present some basic 
assumptions and we will characterize the proposed "philosophy" of 
the design, because they have meaningful importance for the 
system solutions applied further. 

2.3.1. Man-machine interaction 

Early stages of the design (by design we understand transition 
from requirements description to device description) are based 
mainly on experience, knowledge and problem-solving capabilities 
of the designer. He uses a certain set of mental rules of type: 

<conditions, action, goals> 
to obtain vertical and horizontal transformations of the design 
data. He defines, experiments and learns new, both heuristic and 
methodic: design axioms, design rules and design processes. 



It is well known that the experienced designer is able to synthe
size complex digital systems without using algorithmic methods of 
automata theory or only by their partial application, however by 
wide application of standard solutions, transformations, design 
tricks and "know how", application of informal decomposition of 
the problem and selective analysis of variants based on some 
heuristic rules, which he partially learns in the very process of 
design. By these activities he disposes a certain "mental 
language" of system description, in which he transforms data on 
all design levels, as well as sometimes the knowledge of algorithmic 
transformation methods. 

He selects transformations in order to optimize the chosen 
criteria within the given constraints. ~fuile selecting, he con
siders the goals of the design, the characteristic features of 
the designed system and takes into account elements from a given 
catalogue of primitive devices. Man formulates plans for the 
operation of the device and next realizes them, transiting to the 
more detailed descriptions. By formulating plans he is however 
not able to predict all hardware and operational consequences of 
the decisions undertaken, he often maked mistakes in simple 
transforming actions, or in the coarse of the verification. 

Ba.sed on an analysis of various designers' behavior it is 
concluded that: 
1) The human shall be the essential element of the design 

system, undertaking the basic decisions and realizing the 
feedback. This requirement is connected with the difficulty 
of formulating adequate co"st functions for HOS circuits·, 
especially at the higher stages of design. A number of 
research publications on CAD confirm the opinion that the 
human is still not replaceable in actions requiring pattern 
recognition abilities and a goal-oriented behavior. 

2) Abilities of the human and the computer are disjoint and 
mutually complementary. . 

3) The design automation process should be made to conform to 
the described above human design mode. 

4) The system should include heuristic programs, modelling human 
design behavior. 

5) Except for the heuristic procedures and tools for human
computer interaction the system should provide cooperation 
with standard design automation tools and algorithms, the 
requirements for which have been specified i section 2. 1. 

The human-computer interaction is indispensable especially in 
satisfy requirements S4, S7, SlS. The best mode available fs 
that of requirement sa. 

2.3.2. for the device. 

One of the possibi~ities of describing device requirement is 
application of the hardware description languages. Until now 
these languages were used for detailed and complete device 



descriptions. It can be however observed that some of these 
languages, uied at the top level of abstraction can define the 
requirement rather than describe the device. The resulting 
methodology treats the design process as a sequence of heuristi
cally selected vertical transformations (from abstract to more 
detailed descript~ons) and hor~zontal transformations ("find 
other (better) solution on the same level on detailment of 
description"). These transformations should lead to the detailed 
logical and geometrical description of quasioptimal variants of 
the system under design. The higher the level of the description 
- the more readable are the description and the more substantial 
are the results of the transformations to create the differing 
final descriptions obtained after vertical transformations. 

The horizontal transformations were introduced for fulfillment 
of requirement 57. These transformations should be selected in 
such a way that the variants generated are behaviorally equivalent, 
but they considerably differ respectively to other requirements, 
such as their speeds or semiconductor areas • .. 

It results then that the meaning of the source language in 
DIADES is other than of such languages in other design automation 
systems, where the source program in detail specifies the struc
tures of both CU and OU, leaving to the synthesis programs only 
the possibility of detailing, not changing, this structure. A 
program in ADL has an option of not specifying in fixed form the 
time relations or the system's structure, but only describing its 
behavior, i.e., logic and to some extent time -relations among the 
input and the output variables. 

2.3.3. Hierarchial and iterative design 

Design in DIADES is executed on many levels of the design 
procedures hierarchy (satisfaction of requirement 51) and with 
possibility of iterative repeating of design stages (satisfaction 
of requirements 54 and 57). In the subsequent stages are created 
the device descriptions on different levels of abstraction. In 
certain stages the descriptions are decomposed into the partial 
descriptions. The design can be done independently for the 
decomposed segments. There exist at this point the possibility 
of returning to the previous description variants on the same 
level, as \vell returning to the higher levels of synthesis. The 
system generates sequences of different descriptions on the given 
abstraction level. The designer evaluates them; he has fascili
ties of deleting the descriptions which do not fulfill certain 
conditions, sending them to further stages of synthesis or analysis, 
introducing changes and modifications. He should aim at investi
gating many variants of the initial description and internal 
descriptions, together with additional rules, criteria an parame
ters, taking also into account the partial results from different 
levels of the previous design processes. For instance, as it 
results from the following text, as well as from the subject's 
references, for the synthesis of MOS LSI circuits the following 
is important: ensuring the possibility of different source 



descriptions, application of the mentioned above transformations, 
and comparison of many variants of implementation. The designer 
has often different ideas on how to describe the device on the 
highest abstraction level, however he is too lazy or has not 
enough time to r.ake them ~re detailed and to optimize them, as 
well as to rrake their accurate comparison on one of the lower 
levels of the description. Such possibilities should be then 
supported by the system automatically, for instance by existance 
of different possibilities of some design stage execution 
(requirement S7}. The selection of the method, done by the 
designer, should regard, .together with other criteria resulting 
from the specific properties of the problem and the complexity of 
the data, also the restrictions of a practical nature such as 
time CPA, space of memory CM, input/output time, etc. The system 
should satisfy all of the above requirements. 

2.3.4. Application of Artificial Intelligence methods in 
the search for quasioptimal design solutions 

The heuristic methods, including the methods of Artificial 
Intelligence are currently increasingly applied in the various 
domains of computer aided design [Diet71], [Davi69], [Fri63], 
[Schi77], [Zakr75], [Stei73], [Dreu72], [Breu76], [Meli74], 
[Abra78], [Lato76], [Lato78], [Suss75]. They often give approxi
mate solutions, but generate them comparatively quickly, and are 
memory-efficient. These methods are also commonly applied in 
many related problems of graph theory and operations research and 
so-called '.'ill-structured problems" [Newe69] .which promotes the 
idea of transferring them to the design automation systems. 
These methods have been already applied to solve many problems 
also in this domain, like: optimization of placement, Boolean 
function decomposition, decomposition of logic networks, wiring, 
layout minimization, multilevel logic networks synthesis, etc. 
These methods apply usually the collection of detailly considered 
heuristics, which essentially limit the number of variants searched 
by the computer to find the quasiminimal solution. 

With respect to the above, as well as to some other require
ments mentioned previously, DIADES system makes use of the dif
ferent heuristic methods, especially tree-search methods. 

2.3.5. Simulation 

There exist two simulators in DIADES: the register-transfer 
simulator and the logic simulator. This results from the various 
requirements for simulation at the different design stages 
(requirement S2). The first of the simulators has to verify the 
consistency of the description with the design requirements and 
to analyze the weak points of the device. This program can simu
late the device both from its behavior and structure description(*). 

(*) The behav~or description shall be not linked to simulation, and 
the structure description with synthesis. Both types of descrip
tion can be used as well to synthesize and simulate the device. 



The role of the second simulator is the detailed analysis of 
timing phenomena resulting from the gates' delays. Simulation of 
the entire system on the gate level would be usually technically 
nonrealizable, and if possible, it will produce a lot of printouts 
which are difficult to comprehend for analysis of the entire 
system correctness. 

2.3.6. Documentation of the design data and process 

The advantage of the design automation system in comparison 
with the methods of "hand design" is that the devices synthesized 
automatically are characterized in a systematic fashion and with 
uniformity, are created from standard, repeating segments and 
have uniform documentation. These properties help with the design 
process and with complete documentation preparation, which can be 
of more substantial value in the design of custom design circuits 
than their speed or their semiconductor area (require~ent SS). 

2.3.7. Openess and flexibility of the system. 

An attempt was made to implement an open system, i.e., so 
that new statements of the source language can be _easily added or 
removed, as well as the elementary units, abstract blocks, 
integrated blocks and symbolic layouts, transformations and 
programs, without substantial changes of the entire system or the 
methodology of design (requirements Sll, S12). 

For instance in the tree-search programs various search stra
tegies can be declared, operators added, weights of parameters, 
cost and quality functions or restricting predicates interchanged. 

2.3.8. Languages of the system 

Considering generally the requirements formulated in section 
2.1 and especially Sl3 we can conclude that the basic language of 
the system should be powerful and flexible, with properties of 
ALGOL68, ADA and modern languages of Artificial Intelligence like 
PROLOG or CONNIVER or that the system should apply several basic 
languages (current systems apply FORTRAN, ALGOL, PL/I, PASCAL, 
SIMULA and qssemblers). DIADES uses a mixture of LISP, FORTRAN 
and PASCAL which was the best· solution within the current possi
bilities. 

Basic assumptions for the source language are discussed in 
section 3.1. 

2.4. Process of design 

The simplified schematics of the design process in DIADES 
system is presented in Fig. 2.2. It shows the design stages and 
points of human intervention in the process. The computer's part 
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of the process is shown in rectangles and the designer's- in 
ovales. The description in small letters specify the basic data 
of the system. 

The input data is the program in the language ADL82 (Automata 
Describing Language-version 1982 Minnesota) especially created 
for the system's requirements. The standard output data is the 
mask description. The parts of the system can also be used: 
some transient data can. be given as inputs and some other treated 
as results. This is not shown in the figure, as well as the 
control commands and languages. 

The design process presented below results from the assump
tions previously undertaken. The designed systems are described 
on many levels of ·abstraction (detailment): source programs, 
program-graphs, abstract structures, detailed logic structures, 
circuits, symbolic layouts, mask descriptions (with respect to 
requirement 51). These descriptions are decomposed in the design 
process into partial descript~ons. In the design process the 
different variants of the descriptions are created (requirement 
57) - part of them is stored for further transformations and part 
remembered in transitory form only. The programs are supplied 
with error diagnostics (requirement 510). 

1. Source program in ADL82 is translated into program-graph in 
internal language GRAF. This graph corresponds to the flow. 
diagram. Compiler of ADL verifies syntactical correctness of 
the description and to some extent the semantics as well. 

Program-graph is the basic, input data to main programs of 
DIADES system: 

programs of optimizing transformations, 
programs of abstract implementation, 
program of register-transfer simulation. 

Execution of these programs is partially done in the inter
~ctive and partially in the autonomous mode. 

2. Implementation includes several stages. Generally, it can be 
divided into stage of abstract imPlementation (more connected 
with mechanisms of ADL82 and block synthesis), stage of struc
tural implementation (synthesis on level of gates and flip
flops) and stage of technological synthesis which first stage 
is the integrated implementation (transition to target tech
nology) and next is the geometrical design. 

Abtract implementation of operational unit consists in tran
sition from the statements of the program-graph to abstract 
structure, i.e., structure composed of abstract blocks. By 
abstract blocks we understand here such blocks as·: counters, 
adders, logic gates with not specified numbers of bits, inputs 
and outputs. All statements of ADL82 have their counterparts 
in segments of control unit, and some (e.g. WAIT \~ILE, +) in 
subunits of the operations unit. Implementation of statements 
applies the ready, standard patterns of units. 



In the program-graph created from ADL program there exist two 
types of nodes: synchronous and asynchronous. Execution of 
synchronous nodes requires at least one pulse of the basic 
clock. Some statements are implemented as synchronous, other 
as asynchronous. The designer can declare with use of ASY 
operator asynchronous implementation of statements standardly 
implemented as synchronous. The direct, initial implement~tion 
of a program with complex statements leads to the quick device 
(because each such statement is executed in one pulse) but 
with large amount of hardware (because a separate, complex 
segment of operational unit corresponds to it). 

3. The transformation programs cooperate .closely with the abstract 
implementation programs. The program-graph is subject to 
several transformations and following them implementations 
which lead to new program-graphs and new abstract structures. 
These transformations lead usually to decrease in the number 
of statement types by simultaneous increase of total number 
of these statements, which will lead to obtaining variants 
even slower, but also even cheaper. The transformations split 
for instance complex, one-pulse statements into sequences of 
simple one-pulse statements, modifying respectively OU and CS 
until the quasioptimal variant with respect to the selected 
cost function is reached. The cost function being a weighted 
sUm of the complexity and speed of the device is used. 

4. As the result of simulation on the register-transfer level 
the nonproper behavior of the device can be detected. The 
user can do modifications both in ADL82 and in GRAF language 
(requirement SlS). 

5. The result of the abstract implementation programs is the 
creation of the detailed description of digital structures 
corresponding to the abstract structures. This stage, among 
others, includes such standard automata design procedures as: 
minimization of Boolean functions, etc. The designer eva
lua.tes. the variants and selects the design procedures. 

·- . 
When ~~ structure description is detailed with accuracy to 

'basic.logic gates and flip-flops the gate level simulation 
~~. ~e·: appli7d which can detect hazards, races, t~m~ng and 

J. ~;.ncons~stences. 

~~··~-~ailed structure description is the starting point . for 
!.~~rated implementation procedures and next for the symbolic 
~'out design. 

The cost functions which evaluate the variants on the sub
saq~~t design stages are supposed to be selected in such a way 

, that the cost function at the higher level roughly evaluates 
cos~s of different variants. The more detailed cost function for 
the counterparts of these variants on lower level of abstraction 
can be calculated not before the next design stage is executed, 
which process cannot be performed for too many variants. And so: 



for the· evaluation of program-graphs the cost function is applied. 
which calculates number·of nodes and complexity of their descrip
tons, which roughly evaluates the complexity of abstract struc
tures being implementations of these graphs. The abstract 
structures are evaluated by the number and complexity of nodes 
and connections, and the detailed structures by the number and 
complexity of elements, blocks and wires and the estimates of the 
semiconductor's area occupied. The symbolic layouts only can be 
evaua ted with respect to the measure which is close to the real 
area. The minimizatio~ of area being one of basic criteria of 
the entire system - it is a criterium which cannot be calculated 
on the previous design stages. All the optimization methods 
applied by the programs of the system have however an auxiliary 
character only. The superior decisions with respect to the . 
variants evaluation and the selection of the alternative design 
ways are undertaken by the designer himself. The selection deci
sions are undertaken on many levels of the design, both by humans 
and the computer. The data for these decisions, like the values 
of the cost functions are calculated by the computer and the 
essentially worse variants are deleted automatically. Schematics 
from Fig. 2.2 can be treated as a generator of equivalent solu- · 
tions with two types of feedback, which specify selection of the 
next variants in correspondence to the evaluation of the variants 
already obtained. The internal feedbacks are realized by the 
selection of new variants with the aid of mechanisms existing in 
the optimizing and transforming programs. The external feedback, 
of the more essential meaning is realized by the human designer 
through his decisions communicated to the com~uter on the base of 
analysis of the· sytem's generated solutions. 

The external feedback loops from Fig. 2. 2 show that on the 
base of the done by himself analysis of the variant the designer 
can come back to the previous stages of synthesis and make use of 
the stored variant descriptions or execute interactively correc~ 
tions in some of the descriptions (usually in the description 
created as the last). 

One of the most important designer's tasks is writing of the 
source program. According to the requirements of the customer 
and some other assumptions he must prepare the description of the 
system - usually more than one description is needed. The 
designer shall at this point consider only the information pro
cessing aspect of the system designed, not going into the details 
of its structure or the timing analysis. 

Thanks to the decomposition of the designed system the designer 
can create many variants of the source description by replacement 
of some control lines of the program. This involves calling of 
the another design programs and data files and leads to joining 
of the descriptions from the different subcomponents. 

The othe variants of the source description can be created 
successively as the results of printout observation from the 
design processes of the previous variants. Descriptions of new 



variants can be created with use of UPDATE or XEDIT programs 
(requirement SlS). 

Concluding, the creative behavior of human designer in the 
system consists in: 

creating source program describing behavior, structure or 
both of them of the designed system, 
specifying a decomposition by adequate source description, 
introducing corrections, control statements, auxiliary para
meters, cost functions, restrictions, etc., 
specifying ways of implementation of blocks and selection of 
transformations in the structure implementation, 
selection of operators and transforming strategies to optimize 
descriptions, 
organization of data files and ways of multivariant design, 
interrupting the design process and return to previous stages. 

2.5. Structure of DIADES 

At this point the difference between the set of CAD programs 
and the integrated CAD system must be pointed out. It is 
required from the system to have the unified data structures, the 
means for data-base handling, for cooperation with the operating 
system, the methods of the design process description an the 
total automation possibility in which only the source description 
is provided. Each program must have a certain place in the 
structure of programs, .and must be able t:o cooperate with other 
programs of this structure. The important element of system are 
the unified data structures corresponding to the designed systems 
on the successive des1gn stages. The execution of each design 
process can be organized in many ways by the designer. This can 
be done for instance through selection of the sequence of the 
programs called, their eventual repetitions and error escape ways 
organized on the operating system's level. He can use the disc 
and tape files. The system's diagram is presented in Fig. 2.3. 
The files are shown as well as the programs and languages. 

The description languages are: 

ADL82 -
INADL -
GRAF -
STRUCTl -

STRUCT -

DDL -

SPICE -
DL -
GDL -

source language for describing system under design, 
language with simulation conditions, 
basic internal language of the system, 
language to describe digital structures on the abstract 
level, 
basic language of detailed description of digital 
structures, 
symbolic layout description (design description 
language) 
circuit simulation, 
Honeywell structure language (for interface), 
CALHA language (for interface). 

I 



The permanent files are: 

INPU -
KIMFOR -
INADL -
KIMOUT -

STRUCTl -
STRUCT2 

STRUCT3 -

TARF -
GAST -
FTABLE -
BOOLFUN -
STRUCT -
FLOOR -
GBLDCK -

MOSFET -

PLSGB -
ALOKE -
CONN -
TFILE -
GFILE -
SPICE -
MOLOF 
DL -
GRAFIL -
MASF -

source programs in ADL, 
description for simulation (GRAF), 
description of simulation conditions (INADL), 
file for optimization, abstract implementation and 
control unit implementation (GRAF), 
results of abstract implementation (STRUCTl), 
abstract structure description after removal of 
subscripted variables and optimization (GRAFl), 
detailed structure including gates, flip-flops, ROMs, 
MOS, FET and groups of elements (STRUCT), 
target technology, elements as in STRUCT3 (STRUCT), 
as in TARF, without flip-flops (STRUCT), 
flow-tables of finite automata (arrays), 
Boolean functions (cubes arrays), 
detailed structure (FORTRAN form), 
floor plan description, 
description of G-blocks, gates placed symbolically 
inside blocks, 
description of G-blocks, fets placed symbolically 
inside blocks, 
standard G-blocks for standard blocks, 
placed gates, placed fets, in placed blocks, 
routed connections, 
symbolic layout text file (DDL), 
graphic file corresponding to TFILE, 
data for circuit simulation, 
results of logic gate simulation, 
results in DL language, 
pictures of logic diagrams, 
mask file (GDL), 

The programs are: 

-TAG - compiler from ADL82 to GRAF language. 
-IMPLEMl - program performing abstract implementation of program 

in GRAF. IMPLEMl creates rough description of struc
tures as a graph with abstract digital blocks as nodes 
and information paths as arrows. 

-IMPLEM2 - program of structural implementation of abstract 
structures in STRUCTl. It removes subscripted variables 
replacing them with ROM's, RAM's multiplexers, and 
demultiplexers. It executes also optimizing trans
orrnations on level of abstract blocks. 

-IMPLEM3 - program replaces the abstract blocks with detailed 
descriptions of structure from gates and removes 
descriptions of automata and Boolean functions 
realizing them with use of structural synthesis 
programs. 

-IMPLEM4 - program realizes optimizing transforms on the level of 
logic gates. 

-COIM - program of control unit implementation as finite 
automaton. 



-QPTHHZATION OF PROGRAM-GRAPHS - collection of programs for 

-SIMADL -
-MINIMA -
-ASSIGN -

optimization of program-graphs. 
register-transfer simulator. 
minimization of automata. 
state-assignment of automaton and calculation of 
excitation function. 

-MNSA - joint minimization ·and state-assignment of automaton. 
-LOGIC MINIHIZATION - collection of prograf.ls for minimization of 

-LIFO -
-FOLI -
-FODL -
-MOLO -
-GOAL -
-IMPLEMS 

LAYOUT -
FETPL -
FLOOP -
COMBINE -

ROUTE -
GUHA -
SVRESH -
COMP -
MASGEN -
DRAW -
CIRCR -

LOGR -

Boolean functions. 
translator from STRUCT4 to STRUCT. 
translator from STRUCT to STRUCT4. 
translator from STRUCT to DL. 
logic gate-level simulator. 
graphic output program. 

- program realizes transition to the gates of the target 
technology. 
designs plans of gates' placement inside G-blocks, 
designs plans of fets' placement inside G-blocks, 
designs floor plans for layouts, 
combines results of LAYOUT, FETPL and FLOOP - prepares 
detailed plan of placement, 
routes connections, 
creates symbolic layout, 
interactive graphic editor of symbolic layout, 
compaction of symbolic layout, 
mask generation for CALMA's input, 
draws symbolic layout on monitor, 
recognizes circuit description from symbolic layout 
description, 
recognizes logic network description from circuit 
description. 

3. SOURCE DESCRIPTION LANGUAGE 

3.1. General information of language ADL82 

The source language of DIADES is called ADL82. Translator of 
this language is realized in University of Texas Lisp 4.0 
(Minnesota version). ADL82 language was especially elaborated for 
the requirements of system DIADES. It is hardware description 
language for description of digital automata, blocks and systems. 
The language has a number of properties occuring in languages 
like ALGOL, LISP, CDL, APL, APDL, AHPL, PROTEKT. It has also 
various new mechanisms being the result of its specific applica
tion. In comparison with the known languages of this type ADL82 is 
a language of relatively extended grammar, flexibility and diver
sity of description means. Such form of the language is a result 
of an attempt to regard as far as possible all language require
ments formulated in p.2.3. 

The task of the present chapter is: 
discussion of general properties of language in view of the 
presented in p.2.3 requirements, 



presentation of basic new means of language and examples of 
digital systems descriptiion. 

Full, formal description of ADL82 (abbrev. ADL) is given in Appendix 
A and description of the compiler in Appendix D. Appendix B includes 
description of GRAF language which describes results of ADL compilation. 

3.2. General structure of language 

1. For satisfaction of requirement Jl ADL is a high level 
language enabling description of the designed system on many 
levels of abstraction and in many ways. We can distinguish 
the following basic levels of description: 

- algorithmic, 
- microprogram, 
- functional, 
- structural. 

No other of the (known to us) HD languages includes as many 
possibilities of descripton on as many levels. 

2. ADL satisfies both requirements L2 and L3, i.e., JO~ns pro
perties of behavior and structure description language. An 
ADL program is a formalized list description of flow-graph 
with parallel branches (describing behavior), description of 
automaton or logic function, or declarative description of 
system's structure in which elements and their mutual connec
tions are described. All these desc~iptions can be on various 
levels of detailment. Behavior description in the form of 
flow-graph describes to some extent the structure as well 
(because certain subunits of the operations unit correspond 
to the statements) . This structure is however not important 
in the simulation on the register-transfer l~vel. The detali
zation of the description can be changed by the designer. He 
can for instance describe the system. on the level of MOS tran
sistors, ROM's and PLA's as well as single dynamic or static 
negative gates, specifying each wire, logic gate or register's 
bit. He can describe arithmetic and other dependencies on 
bunches of wires (variables). Finally, he can describe a 
system as a "black box" specifying only its input and output 
variables. ADL includes powerful possibilities of hierarchi
cal joining of different types of descriptions where different 
types of description stand on different hierarchical levels. 

3. For satisfaction of requirement L4 some mechanisms are similar 
to ALGOL. For the designer's convenience (and to enable the 
system to make transformations) ADL has complex arithmetic, 
logic, and mixed statements as well as parallel and waiting 
statements (requirements L7, LlO). The notation of ADL is 
infix which makes it easier to use than for instance the 
Reverse Polish notation of APL. The complexity of the ADL 
syntax is of course reciprocal to the simplicity assumed in 
L4. We have tried, however, to obtain simplicity through appli
cation of identical or similar syntactic constructs for differ
ent aims (for instance the lF statement applied to the struc
ture description has identical syntax but different meaning). 



4. With respect to requirement LS it was assumed that the · 
designer knowing ALGOL and the requirements for the designed 
system should be able to write an ADL program after only a 
short acquaintance with it (the data obtained after transla
tion of the program can be however far from optimum in such a 
case) . 

5. Mechanisms of ADL enable structural programming (requirement 
L4). It is suggested that the ADL programs be written with 
the "top-down" technique, i.e., first the behavior of the 
blocks is described and their interaction and next the 
lacking details are specified in subroutines of decreasing 
level. 

6. Some properties of ADL, for instance its lexicography result 
from enbedding this language and its compiler in LISP. In 
particular, all names of ADL must be the literal atoms 
(strings of characters starting with letters). Atoms must be 
separated with spaces, comas or parentheses. This property 
of the language permits for satisfaction of requirement Ll6 -
its result is the simplicity of the translation, in which the 
syntactic analysis consists in finding the "key words" in the 
list structure. A large amount of parentheses resulting from 
this lexics may appear inconsistant with the requirement of 
language clarity. It is however only a problem of the 
programmers' habits. Large amount of parentheses in light of 
their automatic enumeration by the LISP interpreter and other 
diagnostics of LISP can help the designer in detecting errors 
in syntactic constructs,· especially the deeply parenthesized 
ones. 

7. For satisfaction of requirement L6 it was assumed that the 
ADL programs are written by the designer not knowing the 
technology or specific design methods of the system. He 
should only know the syntax and the semantics of ADL and can 
express in it the properties of the designed system. On the 
other hand the designer knowing the digital design, standard 
circuits and systems as well as the· implementation methods 
and the particular properties of ADL compiler and other 
programs of the system can write the program so that it is 
better implemented by the system. Understanding the prin
ciples of the translation, the implementation and the syn
tesis gives the designer better possibilities of the 
description (selection of statements and program's structure, 
decomposition, segments "fixing", selection of blocks by 
structure description, etc.). 

8. Requirement L8 is partially satisfied: through possibility 
of creating new operators defined as functions. No one of 
the HD languages includes the full expandibility. In DIADES 
there exist however a unique advantage: the designer who 
knows LISP can quite easily extend ADL by the operation on 
ADL programs as on the list data structures of LISP. 



9. Description of asynchronous and interative circuits is possible 
an relatively easy. For this the various means are discussed 
below, among others the ASY statement (requirement S9). 

10. To fulfill requirement S9 by construction of ADL nearly 30 
examples from different applications like automatic control, 
computers, measurement, automatic telephony were considered. 
It was concluded that the language permits the description of 
a wide class of devices. The serial, pulse, frequency, time, 
phase and other signals can be tried to be described by use 
of ADL means. Although there exist devices (with phase and 
time signals) which cannot be described in ADL or are dif-

1 • ficult to describe in it - they belong to the analogue rather 
than the digital domain (and in our present opinion further 
extension of the language is not reasonable). 

11. To make the documentation and the error diagnostics easier 
{requirements SS, LlS) two types of comments are introduced: 
stored ones and those occuring only in input data. 

12. For the requirements L4, LS and LlO ADL has a more pO\verful 
syntax than the other HD languages (for instance since the sub
scripts or the parameters can stand for expressions and not 
only variables}. Also the rules of automatic completing of 
bits in arguments of expressions without error signalization. 

13. Similarly to LISP, ADL is a free format language which 
simplifies writing and modifying programs. The only limita
tion is that atoms c·annot be split. 

14. The satisfaction of requirement Ll7 was impossible from the 
practical reasons. 

1. 

3.3. Declarations 

Each program consists of a declaration and a program's bod1. 
Declaration specifies the ~ of variables: input (INPUT , 
internal (INTERN), output (OUTPUT), and indexing or 
subscripting (INDEX). Declaring of type assigns different 
meaning to variables and is also very useful for the designer. 

For each variable its sort is also specified. Variables 
can have one of the two sor~P-parallel and D-logical. For 
sort P variables the code, number of bits and eventually 
maximal value is specified (for counters), and also if this 
variable is a bus. Logical variables results from an attempt 
of assigning different semantics to the operations on single
bit parallel signals and operations on logical signals, and 
also for the simplicity of the description. Logical variables 
are always the single-bit ones. 

Buses and related to them three-level gates give the 
possibility of easy implementation of many MOS circuits, for 
instance multiplexers. 



2. The input variables have at any moment of time certain values, 
created outside the considered digital system. The program 
variables correspond to abstract blocks of the designed system, 
such as: registers, counters, memories, flip-flops, keys, 
input signals from the environment, generators, control lights. 
The variables are identified \vi th out outs fror:1 blocks. The 
variables are divided into stored (memory) variables and 
functional (co~binational) variables. Stored variables oro-

·long the1r state for longer than one pulse of the basic clock. 
These are the variables from the left side of the assignment 
statements. These variables correspond to outputs from the 
memory blocks (counters, registers, flip-flops). Functional 
variables correspond to outputs from gates and combinational 
blocks. 

3. Language ADL includes also constants and parameters. The 
constants can be integer numbers, octal numbers and binary 
vectors (for fulfillment of requirement L4). 

The parameters and their values are declared in the list of 
parameters. In the bodies of programs and subroutines the 
names of parameters are used. This gives the designer the 
possibility of easily changing values of parameters and 
investigating their influence on ~e generated detailed 
structures, described in ADL on the general level 
(requirements Sl, 57). 

4. In ADL there exist also the multiply subscript variables and 
parameters as.well as arrays of variables and arrays of para
meters. This gives, among others, the possibility of creating 
the two-dimensional tables, memories, ROMs, etc. 

5. The designer can declare the different clocks (generators) 
and the various codes of variables. 

3.4. Basic statements 

1. The register-transfer statements in ADL are very general. On 
the right sides complex paranthesized expressions can occur, 
with variables, constants, parameters, arithmetical, logical, 
relational, concatenation and other operations. On the left 
sides stand the simple and complex variables as well as con
catenations of variables, for instance: 

((R I X '(B ( 0: 4 ])) := 

( AND ( ( ( A - B ) * ( C + D ) ) < (X / Y) ) Xl ( W) ) ) 

The advantage of such expressions is, along with the user's 
convenience (requirement L4) also the possibility of splitting 
these statements into simple statements not before the stage 
of optimizing transformations (requirement 57). A hierarchy 



of the operators is always uniquely specified by use of the 
parentheses (requirement L4). ADL has qomparatively many 
operators: for instance the arithmetical operators are +, -
/, *and logical AND, OR, NOT, NAND, NOR, EXOR. 

2. For satisfaction of requirement S8, L2 and LS the ADL language 
includes the four assignment operators: :=, =:, ==and :: 

In the assignment to the stored variable A: 

1) Statement A := B means transfer of contents of B to A in 
which the new value is assigned at ·the back slope of the 
clock pulse (or with phase ~ 2 - depending of the 
implementation), 

2) Symbol =: corresponds to writing the new value with the 
leading slope of the clock pulse (or with phase ~1 - de
pending on the implementation), . 

3) Symbol :: means asynchronous (static) writing of new value. 

By transfer of B to the output variable A being not an inter
nal variable - the value of A becomes equal to the value of B 
only for part of the transfer time: 

1) Symbol := means transfer gated with the product of 
control signal from cu and the clock of cu. 

2) Symbol =: means transfer gated with the product of a 
control signal from CU and the negation of clock from cu. 

3) Symbol .. means transfer gated with the controlling . . 
signal from cu. 

Symbol == means constant (galvanic) connection of variables. 
It is used mainly in the structural description (p.3.7) where 
it can mean also the conditional connection (depending on 
the context) • 

3. Together with the statement IF, known from other languages, 
(having here however different meaning - depending on context 
- see p. 3-. 7) ·we have included,· for satisfaction of require
ments L7, L4, LlO the statement COND, similar syntactically 
to LISP but with non necessarily disjoint or giving logic one 
as a sum, predicates. Such statement can then be used for 
the description of parallel processes -seep. 3.5. 

Statement IF has the form: 

(IF <predicate> THEN <string of statements>) 
or 

(IF <predicate> THEN <string of statements> 
ELSE <string of statements>) 



The statement COND has the form: 

(COND (<predicate> <string of statements>) 
(<predicate> <string of statements>)) 

Implementations of lF and COND statements are different. 
Statement COND serves for description of flow-graphs and 
automata with the nodes of complex branchings specified by 
the designer; the designer specifies here to some extent the 
implementation of the control unit. Together with the possi
bility of fixing (preserving from the transformations), the 
COND statement serves as a tool for satisfaction of require
ment Lll. 

By the translation of sequence of IF statements the charac
teristic structure of conditional nodes is generated, which 
is next the base for subsequent transformations. 

4. In ADL, as opposed to other language~ (for instance LISP) 
lo ic variables have no s ecial re resentations. The par
t~cular cases o pre ~cates are then: sort D variables, 
single bits or sort P variables, Boolean functions and 
expressions on these data, as well as relations. This pro
perty gives the essential extension of the concept of predicate 
which extends the language's power. 

s. With respect to different codes used in circuits ADL language 
has the means for the de~cription of codes, and the change of 
codes. 

6. For the description of some often occuring (for instance in 
the digital control) fragments of program-graphs we have 
introduced the waiting statements WAIT and CONTIN. The 
waiting statement can have one of the two forms: 

(WAIT WHILE <predicate>), 
(WAIT <time scale> <natural number>). 

First of the statements means checking the predicate's value 
and if the condition is not satisfied - transition to the 
next statement occurs. If it is satisfied one waits till the 
next pulse and the condition is once more checked. The second 
statement means waiting as many time units as is the natural 
number, in the declared time scale (respective CLOCK). 
Statement CONTIN means waiting for a single pulse. This is 
useful in the description of synchronization processes and 
has also some syntactical meaning similar to the CONTINUE 
statement of FORTRAN. 

In ADL one type of the iterative loop statement was adopted 
in the form 

(\VHILE <predicate> DO <string of statements>). 
Arbitrary statements can occur in the string, including the 
waiting and parallel statements. Simplification of the 
description of ·simultaneous setting and resetting many signals 
(used in digital control systems) is done in the "set-reset" 
statement. 



7. With respect to the requirements Ll, L2 and L3 several 
languages (such as for instance APL) introduce a rich set of 
operators which process particular bits of variables or 
select some groups of bits. In ADL there exist elementary 
tools of this type and the possibility of constructing from 
them the more complex operators. In many languages there 
exist shift operators. These operators are intentionally not 
introduced in ADL: to encourage the designer to describe 
the respective operations as multiplying and dividing by some 
power of two. This permits to use for such program the opti
mizing transformations with arithmetical semantics. The user 
can also desclare the shift operators as some subroutines of 
respective hardware semantics. 

8. ADL subroutines can be divided into macros and blocks. Macros 
. can correspond to the-description of behavior (MACRO) and the 
description of structure (LOGMACRO). Macros serve only to 
ease the life of the designer, by enabling single description 
of the multiple repeating segments, and al·so permit to fix 
some segments. The graphs of macros are included in the 
graph of the main program or the graphs of their superior 
subroutines and are not distinguished later on. Macro can be 
parametrical and nonparametrical. They cannot be recursive, 
so that creating of the macro loops is not permitted. 

In type MACRO and LOGMACRO subroutines the widths and the 
codes of variables can be declared as formal parameters. 
This gives several useful possibilities of applying the same 
subroutines, but calling them in different .places of the 
program with different actual parameters. · 

Blocks (subroutines of BLOCK and LOGBLOCK type) are treated 
as separate digital systems, interacting among themselves 
through connections. These connections correspond to 
variables declared in the block as input and output variables. 
For type BLOCK subroutines they are also often the formal 
parameters. Type BLOCK blocks are called by name with actual 
parameters from the superior program to the CU of the block. 
The end of work of the block is notified with wire RETURN to 
the superior's program CU's implementation. 

The type LOGBLOCK blocks can be either called in such a way 
(but the designer must describe the START and the RETURN 
signals inside these blocks) or they are only declared, and 
the designer must describe the interaction with them comple
tely by himself with the aid of the corresponding statements 
in the descriptions of the superior and the subordinated 
systems. 

In the structural desciption the type LOGBLOCK blocks are 
called analogically to the LOGMACRO blocks, but separate 
systems will correspond to them in the implementation. 
Differently as in the case of type BLOCK blocks - each name 
of LOGBLOCK should be used only once and called with one set 
of parameters. 



9. LOGBLOCK and LOGMACRO serve for the structural description 
(seep. 3.7), while BLOCK and MACRO for the behav1oral 
description (requirements Ll, L3). 

In ADL the following methods of systems• description are possible: 

1) Behavioral descriptions (procedural, sequential): these apply 
in the main program, the type BLOCK and the type MACRO 
subroutines. Operator STR is not used. This type of 
description corresponds to the sequential register-transfer 
languages but ADL additionally includes BLOCKS and MACROs as 
well as the BLOCKs can be parametrized. 

2) Structural descriptions: these utilize the scope of STR 
operator in the main program and in the type LOGMACRO or 
type LOGBLOCK subroutines. This type of description 
corresponds to the structural description languages, but in 
ADL occur the LOGr1ACROs and the LOGBLOCKs, as well as the 
LOGMACROs are parameterized (the inconvenience of some struc
tural description languages is the neccessity of using 
separate names for macros and variables describing devices of 
the same internal structure). 

3) Mixed descriptions. In the main program, the type BLOCK and 
MACRO programs inside the scope of operator STR and type 
LOGBLOCK, LOGMACRO and BLOCK subroutines are used. Outside 
the scope of operator STR the main program and type BLOCK and 
MACRO subroutines can call type BLOCK and MACRO subroutines 
an type LOGMACRO functions. In the LOGMACRO functions, which 
are defined as LOGHACRO subroutines and called as functions 
from behavioral description - the output value is transmitted 
through a function•s name (as for instance in FORTRAN). The 
mixed descriptions of ADL extend the possibilities of express
ing different properties of complex systems. The particular 
cases that are possible here are: 
- structural description in which blocks have procedural 

description, 
- structural description ·from mixed blocks, 
- hierarchial structural description from mixed blocks, 
- procedural description calling structures. 
The calls can constitute an arbitrary graph without loops 
while in most of the HD languages the description is two-level. 

10. Blocks permit also for the stage after stage synthesi's of the 
entire system: at the first stage the block can be declared 
as the 11black boX 11 in which only its external connections are 
specified, and after describing other interacting with it 
blocks the body of the block is created and the entire 
description transmitted to the further stages of the design 
process. 

11. To enable the user to fix programs and subroutines from 
transformations executed by the system the fixing parameter 
FIX is introduced. The designer declares for instance para-



meter FIX .in declaration section if he want the given MACRO 
already optimized by him not to be modified by the optimizing 
programs after writting it into the body of the main program. 
By adequate decomposition of the descripton into blocks and 
fixing some of them the designer can preserve the desired 
segments from changes. He can of course fix also everything. 

12. The possibility of application of four types of subroutines 
and their fixing gives the designer wide possibilities of 
decomposing the source description and gives him opportunities 
for invention. He should, taking into account his knowledge 
of further design stages and various technological require
ments, select and verify different possibilities of decom
position which he considers the best. Here is a field for 
heuristics and "try and error" variants investigation. 

Decomposition of the system can deal both with the operational 
unit and the control unit. BLOCK realizes separate control 
unit and separate operational unit. MACRO - common control 
unit and common operational unit. LOGMACRO describes a system 
which can describe both common and separate, control or 
operational unit, depend.ing on the type of the calling program. 
LOGBLOCK permits the description of separate con~rol units or 
separate operational units. The systems with one control unit 
and many operational units can be then described; systems 
with one operational unit but controlled by the hierarchy of 
control units; systems with dissipated control, etc. 

The blocks can be useful when we want to apply certain pre
viously designed systems as a part of the new system under 
design. Such system•s description is stored in the disc 
data-base. They are also useful when we want to transform 
and optimize some part of the description separately. This 
permits an arbitrary separation of big systems into sub
systems to execute each time the implementation of the not 
too large systems. 

13. The extended, with respect to other languages, decomposition 
possibilities (requirements Ll2, Ll4) result also from the 
parallel statements, as well as from replacing of the 
repeating expressions, fields of bits in variables and state
ments with the simple symbolic names. The respective 
declarations are placed only once inside the IDEN list or (in 
the case of the entire statements) in the SYMB list. During 
the program•s compilation the symbolic names are replaced 
with the respective expressions or statements. Besides the 
decomposition this simplifies the team programming 
(requirement Ll2) and correction of the eventual errors 
(which is easy because of satisfaction of 515). 



Example 3.1. 

Resistors classifying device 

Given is the unit from Fig. 3. 1. At the output from the 
digital ohmmeter occurs the parallel variable X in binary 
natural code corresponding to the value of the register with 
number J (J=1, ... ,PAR), where PAR is a certain oarameter. 
The resistor is selected by the analog multipleier. Address 
on input to the multiplexer is in the natural code. The 
system shall be designed which calculates to which class the 
given resistor belongs and next sends the number of this · 
class in natural code and in parallel to register Y (Y do not 
belong to the system under design). 

PR DIGlTAL 
OHM NETt~ 

RETURN X 

Fig. 3.1. 

If X < 125 then Y = 3, if 125 < X < 127 then Y = 2, 
if 127 < X < 129 then Y = 1, if 129 < X < 131 then Y = 2, 
if X ) 131 then Y = 3. 

After the classification of all the resistors number 0 shall 
be transferred to the register Y. Processing in the digital 
ohmeter is initialized with signal PR. After processing the 
signal RETURN is created on the output of the ohmmeter. The 
system is ready after introducing the pulse signal START1 
(given from outside after positioning of the resistors). The 
output variable is Y. This signal can be applied for printout 
of respective number or for creating signals for resistors 
sorting electromagnets (the repective units are not described). 

According to the above formulation one can write an ADL 
program from Fig. 3.2. (a simpler program can be also written, 
however this one presents different properties of the 



language). The numbers from the left side serve as comments 
- they serve only to make presentation of the program easier. 
Enumeration of parentheses (done by the LISP interpreter) 
should enable the reader to distinguish each statement's scope. 

Line 1 can include arbitrary text, for instance the name of 
the program and the number of the variant, designer's name, 
set of keywords, etc. Next row includes printout controlling 
statements for ADL compiler, discussed in Appendix A. 

Lines 3 - 27 include the main program and lines 28 - 34 its 
subroutine. Lines 3 - 11 include the declaration of the main 
program, and lines 12 - 27 it body. Line 3 includes declara
tion of ADL language, symbol of the created graph - A, and 
name of the program - CLASSIFICATION. In line 4 the basic 
clock of frequency 1000 Hz is declared. List with atom C as 
the first element is a comment of ADL. Line 5 declares input 
variables to the system: X and START1. Variable X has sort 
P, code K1 and width 8. This denotes the parallel variable 
in binary, natural code which is stored in 8-bit word form. 
Variable START1 is a logical or sort D variable. 

Simlarly line 6 declares internal variable J and line 7 
declares output variables Y and J. 

Line 8 declares that the subroutine of the main program has 
name PR and type BLOCK. 

The FIX parameter in line 9 is followed with a list of formal 
parameters of subroutine PR. These parameters correspond to 
variables (signals) J and X which are used by BLOCK PR to 
interact with the main pr.ogram CLASSIFICATION. Line 10 
declares parameter PAR specifying number of resistors equals 
49. 

Lines 28 - 34 describe behavior of BLOCK PR. This BLOCK is 
described as a fixed "black box". We are not interested in 
the internal structure of the digital ohmmeter and in what is 
the electrial realization of the subscripted variable (R[J]). 
Really, variable (R[J]) is the analogue resistor's selecting 
unit - here it is described as a subscripted variable, which 
in the inplementation takes the form of the memory, the 
multiplexer or the demultiplexer (depending on the context). 
The implementation of block PR is however not interesting for 
us - this system is treated as an external system, which is 
designed separately. Body of the block (lines 32 - 34) means 
that after giving of the block's starting signal (i.e., PR=1 
in the main program) the ten pulses of clock CLOCK must be 
waited (which corresponds to the time of the processing) and 
next in the register X the value of resistor with number J is 
placed. X is also an output variable. 

The meaning of the remaining lines should not lead to dif
ficulties as they are explained in commentaries in the program 



text. As the result of the above program•s compilation the 
graph in language GRAF is created. It corresponds to that of 
Fig. 3.3a. The full descriptions corresponding to the state
ments numbers are given in Fig. 3.3b. Enumeration of the 
nodes was prepared by the TAG compiler. Let us note that the 
symbolic name of parameter PAR was replaced during 
compilation with its numerical value. Description of arrows: 
X-synchronous transition, E-asynchronous transition, <number 
of predicate> - transition with the satisfied predicate, 
(NOT<number of predicate>) -transition with the non-satisfied 
predicate. Sometimes for.more clarity we will illustrate the 
programs or program-graphs with the use of flow diagrams. 
The flow-diagram for our example is presented in Fig. 3.4. 

The transitions with satisfied conditions are denoted by T·, 
transitions with not satisfied conditions by F. Numbers of 
graph nodes are denoted by Ai. We will also use below the 
graphs in Which full descriptions of nodes are specified. 
Descriptions of GRAF's nodes and arrows are presented in the 
LISP prefix notation. In the Figures for more clarity they 
are in mathematical-infix notation. By dra\.,ing flow diagrams 
we will assume a shortened description for groups of program
graph nodes corresponding to statements: (WAIT WHILE 
<predicate>) and subroutine calling. 

As the result of the abstract implementation of this graph we 
obtain a structure of the system corresponding to the diagram 
fr.om Fig. 3.Sa (Block PR together with its control is shown 
schematically without distinguishing its elements, because we 
are not interested in its implementation. Its description in 
ADL is required for simulation purposes only). As a result of 
the structural simulation the counter J and the four com
parators are designed from the components and the unit of 
output variable Y is replaced with the unit from Fig. 3.Sb. 

By L we denote the writing-in control input to registers and 
other blocks, by SU - the subtracting input to counters. To 
explain the semantics of the control unit simple implemen
tation of this unit is shown in Fig. 3.6. The reader is 
asked to compare this figure with that of 3.3a. 

3.5. Description of parallelism 

1. For satisfaction of the L7 requirement the ADL language is 
equiped with powerful notions to describe parallelism on 
several levels of description. These notions are stronger 
than those of the other HD languages in which there exists 
only the possibility of declaring parallelism on the of 
statements' or subalgorithms' level. The notions applied in 
ADL include possibilities of describing parallel program
schemata of Karp. They can then theoretically extend the 
descripton's power of the Petri nets and are not weaker from 



I • 

the various parallelism models theoretically equivalent to 
the parallel progr9-m schemata (ADL ad.ditionally includes sta
tements DEXOR and DROP). In the parallel braches of the ADL 
description arbitrary statements can stand (including jumps, 
conditional statements and other parallel statements). 
Different operators of control joining permits a description 
of different types of synchronization. Parallelism can also 
be expressed in the structure description. 

2. There are statements of parallel execution of sets of state
ments in the HD languages. ADL distinguishes two types of 
parallelism: on the pulse and on the program levels. 
Parallelism on the pulse level is described with the SIM sta
tement. Arguments of SIM are the assignment statements which 
are to be executed simultaneously, in one pulse. Application 
of SIM speeds up the program's execution in comparison with 
the sequential program or with the program, in which SIM sta
tement was replaced with another parallel statement - FORK. 
Implementation of program with FORK is more complex because 
of greater generality of this statement. 

3. FORK is the description of program's graph node in which the 
control (the control dot) disjoints into parallel branches. 
Starting from the moment of the control coming to FORK - the 
separate parallel actions are executed in the branches of 
this statement. After execution of the branches or of one of 
them the two or more controls can be once more replaced with 
one control in the control's joining node. 

4. Statement (DROP) on the branch's end means interrupting the 
program's execution in this branch (local removal of the 
control) • The removal is done when the DROP node is reached . 
DROP ends control in one of the parallel branches changing 
not the controls in the others. 

5. Node COND with nondisjoint predicates also disjo±nts control 
into parallel branches. Control transfers to these branches 
which corresponding predicates are fulfilled. In particular 
cases it can then transfer to all (as in FORK) branches or to 
none of them (as in DROP). FORKs and DROPs can then be 
theoretically replaced with CONDs but it could lead to the 
nonclarity of the descriptions and to the too complex imple
mentations. It can be shown that COND with nondisjoint pre
dicates can be replaced with a set of FORK and IF statements, 
but once more this would lead to similar inconveniences. 

6. DAND and DEXOR describe nodes in which control joins from 
parallel braches to a single branch. Nodes DAND and DEXOR 
arise in the graph either from the last element of FDRK sta
tement or from separate, labeled statements: respectively 
(DAND) or (DEXOR), to which lead the jump statements. 

DAND describes a node which is passed by the control iff the 
controls of all the inpointing branches have yet arrived. 
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DEXOR describes. a node which is passed in the moment when the 
control from any of the inpointing branches comes. The 
controls from some (described below) branches is removed. 

In the scope of PORK statement arbitrary statements can 
occur. For instance: 

(roRK (dl (Go lll))(dl d3(DROP))(d4 dS)(d6 d7) DEXOR) 

The first branch ends with the jump outside the branch. 
Both: the jump to the place inside other branch of the same 
FORK, and the jump outside PORK can occur here. The second 
branch ends with the DROP statement. Joining operator DEXOR 
concerns then only the third and fourth branch. 

As it was already written node DEXOR in the graph can be 
either created from the last element of PORK, or from the 
separate statement. In both cases control coming to such a 
node causes the removal of the controls from some·nodes, but 
these nodes can differ in both cases. 

Case I 

If DEXOR is the last element of the PORK statement then 
execution•s ending of any single branch will cause ending of 
the all other statements inside the scope of this PORK. Next 
transition to the execution of the statements-next to PORK 
occurs. This ending concerns only the statements inside FORK 
bra.nches. It means that the execution of statemen.ts outside 
FORK to which jumps from inside PORK have occured - are just 
not interrupted. In the case of nesting one FORK statement 
in another FORK statement this rule concerns of course only 
this PORK statement in which given DEXOR is a joining of 
control, and all statements in its scope. 

Case II 

If (DEXOR Ll L2. L3 ..• Ln) is a separate, labeled statement 
then it is assumed that it removes control from all the nodes 
corresponding to the labels Ll, .•. ,Ln being the arguments of 
this statement and the node corresponding to this statement. 

The above rule gives the designer flexible possibilities of 
removing control. The set of the nodes from which the 
control is removed with respect to a certain DEXOR node will 
be called the scope of this node. Let us consider now some 
examples of FORK statements. 

Example 3.2 

To the statement 

(FORK (dl d2 d3 (DROP)) 
( d4 dS) 
d3 

( d2 (GO 1)) 
DEXOR) 



corresponds the subgraph from Fig. 3.7. By application of 
the above description, the control occuring in node 10 removes 
control from nodes 1, 2, 3, 4, 5, 6, 7, 8, 9, 10. If we 
describe this graph as follows: 

10 (FORK (d1 d2 d3 (DROP)) 
(4 d4 5 dS (GO 3)) 
( 6 d3 (GO 3)) 
(d2 (GO 1)) ) 

3(DEXOR 10 4 5 6 3) 

then according to the Case II the control is removed only 
from nodes 1, 6, 7, 8, 10, i~e., in all branches inpointing 
to node 10. 

Example 3.3 

Graphical representation of the statement: 

10 d4 (GO 2) 
2 0 ( FORK ( < FP 1 > 1 ( D AND ) < FP 5 > ) 

(2<FP2> (FORK(<FP4>(GO 1)) 
< FP3 > ) ) 

DEXOR) 
is presented in Fig. 3.8a. 

· As it can be noticed the segment FP5 can be executed not 
before segments FP1, FP2 and FP4 are executed. Execution of 
FP3 or FP5 ends all other controls in the graph from Fig. 3.8a, 
except control in node 7. The description with separate 
(DEXOR) is: 

10 d4 (GO 2) 
20 (FORK (<FP1> 1 (DAND) <FPS>) 

( 2 < FP 2 > ( FORK ( < FP 4 > (GO 1 ) ) 
( < FP 3 > (GO 32 ) ) ) ) ) 

32 (DEXOR 25 26 27 28 29 30 31) 

It is illustrated with Fig. 3.8b. The labels used inside the 
segments <FPi> stand near them. In this case the control is 
not removed from FP2 and node 7 when control comes to node 6. 
This example illustrates "the memory of the controls" which 
can exist in the parallel program. Let us assume that the 
control from node 1 has come to node 2~ in one branch control 
had passed FP1, in the second branch it had terminated in 
some DROP statement in FP2. If now the control will come 
from node 7 and will pass FP2 then after coming to node 2 it 
will meet with the "waiting" control from the last run and 
they will together pass node 2. If this control after exe
cuting FPS will come to node 6 before the control from FP3 
comes then the control from FP3 will be removed. However, if 
control outcoming from FP2 will pass FP3 quicker then the FP4 
is executed then the "waiting control" on output of FP1 and 
conrol in FP4 are removed. The descriptions of this type 
have extended possibilities. 
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Example 3.4 

Pulse delaying device 

The device DELAYP shall be designed for delaying signals A by 
time TT. A device has signals input A, signals output B and 
control data input TT. A and B are type D variables and TT· 
is the parallel variable. Its value is the required delay 
time TT calculated in the number of CLOCK pulses. The ti~ing 
diagram for Case 1, when the delay time is less then the 
length of the signal A (the number of pulses when A=l) is 
presented in Fig. 3.9a. Diagram from Fig. 3.9b corresponds 
to the case 2 when the delay time is greater than the length 
of the signal A=l. We assume that the following conditions 
are satisfied: 

( i) 
(ii) 

(iii) 

a) 

In the initial moment A=O. 
The time lag between two signals is longer than TT. 
Value of TT does not change during the measurement. 

Ill 

I 

I~ 
'TT~ ... 

Case 1 

b) 

1 u I Ul !VI 
A _...,., ..._~ _.....,__....._ 

I 

8 I 

Fig. 3. 9. 

! TT 
I 

_, 
Case 2 

The flowgraph of the device is shown in Fig. 3.10a, the 
program-graph in Fig. 3.10b and the respective ADL program in 
Fig. 3.11. To clarify, we do not enumerate statements but we 
give their full description. 

Behavior of this automaton will be described in more detail 
because it will be useful in further examples. 

For logical variables (and single bits or Boolean functions 
playing the role of predicates) we shall adopt the following 
notation: (A=1) and (A=O) is replaced with A, and (A=O) and 

(A=1) is replaced with A. 

Statements A2 and AS correspond to the state of the control 
automaton, in which signal A is initially equal to zero (phase 
I of Fig. 3.9). When A changes to 1 the branching is executed 
by FORK statement. In one branch ones are added to counter L 
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while A=l and LT*O (statements A7, A8) In >the second branch 
ones are subtracted from the counter LT while LT*O (phase II 
-statements AlO and All). 

Let us consider case 1 from Fig. 3. 9a. If A=l when LT is set 
at 0, control goes on to statement A13. Next the device wait 
while A=l and gives 1 on output B (statements A12 and Al3 -
phase III). When A changes to 0, the device counts time of 
delay stored in counter L, all the time giving 1 to output 3 
(statements A14, A17- phase IV). After counting the time, 
device goes to the phase I when L is set at 0 (jump to state
ment A2). 

In the case of Fig. 3.9b the device executes statements A6, 
A7 in one branch and AlO, All in the second one until A will 
change to 0. Counting up in L counter will be interrupted 
and counting down will continue in LT counter (statements 
AlO, All- phase V). At the moment of LT changing to 0 
(i.e., time TT has been counted) the value of A is checked. 
It is equal to 0, so the device executes statements Al4 and 
Al7 (phase IV) as in the first cas.e. 

Statement DAND. corresponds to the existing in some parallel 
programming languages statement JOIN while DEXOR and DROP are 
the new ones. Their introduction results from the neccessity 
of describing wider classes of concurrent devices. 

Let us notice that DAND statement can be replaced with state
ment W waiting ·for fulfillment of the logical product of con
ditions pi. Each of the .conditions is set. to 1 in the last 
node of each branch inpointing to statement W and reset after 
passing statement w. 

Similarly node DEXOR can be replaced with an ordinary node 
with inpointing branches (DOR) but additional "producting" 
(as in Fig. 3.12) of all operations executed in nodes from 

AFOR~ 
Z1 :=1 

p1 A Z1 
p1 

DROP 

Fig. 



mation of the state, interrupt, data transfer. The systems 
of this type are applied often in automatic control (for 
instance in all industrial processes where there is the 
cooperation of different assembly subprocesses). The many 
design problems considered by us has shown that the means of 
ADL are adequate for describing arbitrary parallel processes.* 

* On the other hand the same problems requiring theoretical 
soluton occurs here, as in the case Petri nets E-nets, parallel 
program schemata and other models of parallelism. Other open 
problems are related to investigation of different conflicts 
among variables. Currently possible conflicts in SIM are 
detected during translation and part of conflicts in FORK is 
identified during implementation of the control unit. 



3.6. Description of automata and Boolean functions 

1. With respect to requirements Sl and S6 the standard data 
descriptions of the traditional logic design methods are also 
included in ADL. These are: abstract automata flow-tables 
and Boolean functions tables. These two forms of description 
are called functional descriptions and can cooperate with 
other descriptions of the language. 

2. Description of both synchronous and asynchronous, Moore and 
Mealy automata is possible. 

Example 3.5 

Mealy synchronous automata from Fig. 3.13a can be described 
with program from Fig. 3.14 and asynchronous Moore automaton 
from Fig. 3 .13b with program from Fig. 3. 15. 
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3. In certain cases it is also convenient and desirable to 
describe automata as program-graphs. The disadvantage of 
this type of description is that noncompletely specified out
put signals (don't cares) cannot be described. The advana
tage being the possibility of describing mixed synchronous
asynchronous automata and the convenience of automata 
description with many unspecified transitions. The automaton 
from Fig. 3.13a is described using this type of description 
in Fig. 3.16 and the automaton from Fig. 3. 13b in Fig. 3. 17. 
As we see all the nonspecified signals take here the value 
zero. Applying the assignment operators := and =: one can 
describe changes occuring at different phases (:= corresponds 
to phase ~2 and=: to phase ~1>· Such description permits 
also the specification of arbitrary combinational functions 
describing transitions among states and not only full products 
of literals as in the traditional flow-table descriptions. 
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the scope of this DEXOR with some signal Z1 is necessary. This 
"producting" corresponds in the description to introducing 
statements IF and DROP to the description, or COND with pre
dicate Zl (nonfulfilled Zl corresponds to DROP). Signal Zl 
would be assigned to 1 before parallel disjoint of control 
and reset to zero in the joining node. 

Both of the above methods are very inefficient in realization 
and lead to not very clear descriptions, which advocates 
introducing DAND and DEXOR statements to ADL. It is however 
interesting that the considerations of this and previous 
paragraphs lead to the conclusion that all parallel statements 
can be replaced (with accuracy of single pulses) by com
binations of parallel statements COND and assignment statements. 

7. Arbitrary node with inpointing branches can be also the 
joining from parallel controls - it transmits each incoming 
control. Such node will be called DOR - type node. For 
instance in the program: 

{FORK (dl d2 (GO 10)) 
{d2 d3 (GO 2 )) 

( dS d6 (GO 10 ) ) ) ... 
10 (X : = (X + 1) ) 

(L : = ·(L 1)) 

node with label 10 plays such a role. 

Such joining of control means that in the program segment 
following this node simultaneously two controls are trns
ferred. This effect can sometimes be desired; it is however 
often necessary to prevent these controls from joining or 
approaching near to the other one. This can be achieved by 
application of so called "blockades., L e., the controlling 
variables are assigned to some values and their state is 
monitored in some other place of the program. 

The language mechanisms described above permit also the des
cription of priority joinings of parallel control, where a 
certain process is quaranteed priority before the other one 
(see Appendix A). 

8. Possibilities of ADL language application for description of 
parallel digital systems are very wide and discussed to a 
small extent in the present report. There exist for instance 
many ways of cooperation among various parallel statements 
and their cooperation with statements CONTIN, WAIT, IVHILE, IF 
and the assignment statement. These mechanisms permit 
describing the systems composed of synchronous and asynchro
nous blocks interacting in a parallel mode, communicating 
among themselves by use of signals: calling, return, infer-



4. Because of the methods of synthesis of combinational networks 
in· the description of combinational networks we specify ~ 
set of affirmative (uncomplemented) and the set of negative 
variables. For the uniqueness of the description it is 
necessary to enumerate the input and the output variables. 
According to the descriptions of cubes' arrays which is used 
internally inside the system, the functions are described in 
the form corresponding to the arrays of cubes. 

(K 

3.7. 

Exam121e 3.6 

The logic function described with the cubes' array: 

A B c D x[l] x[2] 
0 1 X X 0 1 
X 1 0 0 0 X 
0 1 0 X 0 1 
0 1 X 1 X 1 

set of input variables {A,B,C,D}, set of affirmative variables 
{A,C}, set of negative variables {A,B,D} and set of output 
variables {X[O], X[1]} is described in ADL as in Fig. 3.18. 

---- (LOG FUtJ (A ~ c. D) ( A c) (A B D) 
((( 0 XX ) (o 1)) 

(( X 1 0 0 ) ( 0 X)) 
(( 0 l 0 X) ( 0 l )) 

( ( 0 X \ ) (X I))) )) 

Fig. 3.18 

Structure descriJ2tion 

1. As it results from the requirrnents from Chapter 2 the language 
should include the possibility of describing the structure of 
the desi~ned system and describing it on the several levels of 
abstract~on. 

For description of structure serve in ADL type LOGBLOCK and 
type LOGMACRO subroutines as well as the descriptions inside 
the scope of operator STR in main program and type BLOCK and 
MACRO subroutines. 

The structure describing statements are nonsequential, they 
describe components and their connections. The sequence of 
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such statements has no meaning of sequential executiqn as in 
the behavior description. The order of statements is 
arbitrary and related only to the convenience of the designer. 
The statements have then no counterparts in the program-graph 
and have counterparts in the structure's graph only. 

2. For description of galvanic connections only the operator -
can be used in assignment statements, which means direct con
nection (joining) of the implementations of left and right 
sides of the statement. Operators :=, =: and :: can stand 
only in conditional expressions. They mean writing of the 
right side's value into the respective register, which imple
ments the left side of the statement. They correspond 
respectively to: back slope, leading slope and high level 
(asynchronous transfer) of the conditional signal. Meaning 
of these operators is the same as in the sequential descrip
tion but the respective assignments are gated not with the 
clock pulse but with the output of the corresponding prdicate. 
Generally, the assignment, conditional and other statements 
used for structure description do not differ syntactically 
from their counterparts used in the sequential description. 

3. Together with the usually used IF statement it is advised 
also to use the COND statement for structural description. 
It plays in such a case the role of the CASE statement from 
some languages. Statement 

(IF A THEN B) 
sets variable B to state 1 if variable A is in this state. 
Sta·tement (IF A THEN B ELSE C) additionally set variable c in 
state A. Statement (CO.ND (P1 B1) (P2 B2) •.• • (Pi Bi). • •) 
sets variables Bi in states Pi. To increase the applicabi
lity of the statements of this type they can be nested to 
arbitrary depth one inside the other. 

Examples 

1) (IF (A= 0) THEN (B ==C)) where Band Care two-bit 
variables - structure from Fig. 3. 20a. 

2) (IF (0 < A) THEN (B ==C) ELSE (B ==A)) -structure 
from Fig. 3.20b. 

3) (IF A THEN (B := 0)) 
(IF (AND A B) THEN ((D := 1)(C := 0)} 

ELSE (C := 2)) 
- structure from Fig. 3.20c where B, C and D are the 
sort P variables. Z is the zeroing input to registers. 

4} Structure corresponding to statement: 
( COND (A ( B == C ) ) ( ( E = 0 ) ( D = ( C + A} } ) 

(F (B = 1))) 
is presented in Fig. 3.20d. A, B, C, E, F- single-bit 
variables. 



5) Structure corresponding to statement: 
( COND (A ( B : = 1 ) ) ( C ( B : = 0 ) ) 

( ( NOT A) ( D : = C ) ) ) 
is presented in Figure 3.20e. 

4. Although the above structure-describing mechanisms permit for 
describing wide classes of systems, they can lead to unne
cessarily long and repeating descriptions. With respect to 
requirements L4, LS, L9 and Ll4 it was decided to introduce to 
ADL of two new mechanisms for describing structures: 

1) Subscripted structure variables. The subscripts are 
here INDEX type var~ables. The meaning of such variables 
is the mutual area placement of variables and not their 
time sequence. These variables, together with the "do" 
statement permit for easy description of iterative cir
cuits. 

2) Hierarchical description of structures. The macros are 
defined whose names correspond to black boxes, formal 
parameters to certain variables (mainly input or output), 
and bodies to the more detailed description of these 
units from gates and other macros. Next the names of 
parameters are called with different values of actual 
parameters. The actual parameters correspond to the 
connections among the circuits implementing macros and 
the other units. 

The values of the subscripts are set up ·with the opera tor :: . 
In the "do" statement's predicate the subscript must stand on 
the left side of the relational operator and the numerical 
constant on its right side. Arbitrary structure-describing 
predicates can occur in the statement's sequence following 
symbol DO. Let us notice that the memory element must 
correspond not to each internal variable in the structure 
description. Such element is needed only in the case of 
assigning a value with an operator different than ==. This 
property permits one to assign names to connections, which is 
useful in the description of structures composed of substruc
tures and simplifies the decomposition as well. 

S. The library macros are declared which describe static 
flip-flops: D, T, JK and SR (latch) and dynamic flip-flops D, 
T, JK. 

The following statements are also available for structure 
description: 
- ROM - for the "read only memory" description, 
- DECODE - for describing the units with addressing, for 

instance multiplexers and demultiplexers, 
- MPX - for the description of multiplexers, 
- DMPX - for the description of demultiplexers, 
- LOGFUN, MOORE, MEALY (explained previously). 
All these statements are rewritten into the respective struc
tures from components at different implementation stages. 
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6. In the discussed above assignment statements the change of 
the flip-flop's state is done in the moment of the basic 
clock CLOCK change (respectively - during the phase signals 
for various MOS technologies). The block schematics of such 
ope.ration for statement (IF A THEN (X := B)) is presented in 
Fig. 3.20f and the logic diagram for single bit in Fig. 3.20g. 
At the clock input of the flip-flop no any logic network 
can hang (which results from the dynamic MOS technologies). 
Yet to enable the description of devices from static MOS 
flip-flops the macros can be used. 

Examples 

The circuit from Fig. 3.20h can be described as: 

(D (AND MX)(OR AN) R{OR Sl S2) X()) 

The statements: 
(G == (OR Gl G2)) 
(D (OR Xl (AND Ql NOTQ2)) G 0 

(AND N1 N2) Ql ()) 
(D (AND X2 (AND Q2 Ql)) G 0 0 Q2 NOTQ2) 

describe the circuit from Fig. 3.20i. 

The statement (SG == (AND S(DECODE A 2 K1 5))) has implementa
tion from Fig. 3. 20 j. 

(DECODE A Nl CODE! N2) means leading of Nl youngest bits of 
variable A: if i-th from right bit of number N2 in code CODEl 
is zero - then the negation of the i-th bit of variable A is 
taken, if it is one then the uncomplemented value is taken. 

The statement: 

(Y == (OR XA (MPX ADR STROB (X [ 2 : 4] J )))) 

describes multiplexer from Fig. 3.20k. 

The statements: 

(((Z [ 0 ])' (Z [ 1 ])' (Z [ 2 ])' 
(Z [ 3 ]) I (Z [ 4 ]) ) = 
(DMPX ADR STROB (A [ 0 1 ]) P Kl 10)) 

or 
(Z == (DMPX ADR STROB (A [ 0 : 1 ]) P Kl 10)) 

describe demultiplexer from Fig. 3.20L. 
is declared as the array of variables: 

Example 3.7 

Iterative circuit 

In the last case Z 
( Z [ 0 : 4 ] ) ( P Kl 2 ) . 

Iterative circuit from Fig. 3.21 can be described in ADL as the 
LOGBLOCK type subroutine from Fig. 3.22. · 



· X(S : 5] X (4 :.4] X(3: 3] X[2 : 2] X(1 : 1J 

R{s: sl R(4 : 4} R(3:3]· R(2 : 2] 

R(1 : 1] 

s [5 : 5] S(4 :4) 5[3: 3] srz :2] 5(1 : 1] 

Fig. 3. 21 

In this description I is the type INDEX subscript variable. 
No counter corresponds then to it in the structure. 
Assignment statements (I :: 2), (I := (I + 1)) mean only spe
cification of some substructure. The subscripted variables R 
and S are of INTERN type. KX means the nonspecified code. 

Example 3.8 

Parallel adder description from repeating components 

The circuit of the half adder HA from Fig. 3.23a can be 
described with LOGMACRO HA in the program from Fig. 3. 24. 
The elementary adder with carry from Fig. 3.23b can be 
described as the sequence of statements in loop of LOGMACRO 
FA (see program from Fig. 3. 24) • 

The main program describes the four-bit parallel adder. Let 
us notice that number 5 is here the actual parameter of 
subroutine FA, corresponding to the formal parameter F from 
the end's predicate of the loop. Some actual parameters of 
calling FA are marked in Fig. 3.22 by the corresponding formal 
parameters. Implementation of the entire adder is presented 
in Fig. 3.25. Let us notice the way of carry signal descrip
tion, where actual parameter X corresponds to two formal 
parameters X3 and Xl. 

7. According to the principle of the multilevel description of 
systems there exists the possibility fo digital structures' 
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description strictly referred to the MOS technology. It is 
related to the desire of enabling the reader to create the 
special or the highly optimized descriptions, which couldn't 
be obtained through the implementation of the higher level 
descriptions. ADL includes then in the structural description 
(as well as in some other statements of the main program or 
type BLOCK and LOGBLOCK subroutines) the logical exrpessions 
which take into account the phases. 

To enable this property without referring to the necessity of 
describing single transistors two -methods of description are 
used. In the first of them the phase stands as the first of 
th arguments of operator PHASE. The second argument being 
the expression, preceding the transmission transistor being 
supplied with this phase. This method is used for instance 
to describe dynamic registers. In the second method (applied 
in the ratioless circuits} the phase is the only argument of 
the PHASE statement, being in turn an argument of the logic 
operator supplied with this phase! 

8. In the case of circuit description from neoative gates each 
AND, OR, NAND or NOR component of such gate should be 
described separately. Creating of the negative gates is next 
done automatically in the process of implementation. The 
typical negative gates can be also declared as LOGHACRO and 
use in the calls with actual parameters. 

In the circuit including the negative gates most of &~D and 
OR gates lead its outputs to single gates. Also some other 
case can be implemented without changing the gates' struc
ture, but generally the equivalent network transformations 
for target technology must be executed. 

9. Certain class of MOS circuits (for instance the bridge circuit) 
cannot be described by direct mapping of their structures 
with an aid of the already introduced ADL tools (their func
tion can be described equivalently - by specifying equivalent 
Boolean function - this is utilized for instance in simulation). 
To describe networks of this type it was necessary to intro
duce descriptions of single transistors (statement MOS, FET, 
RESISTOR). The statement COLUr-1N was introduced to give the 
designer a tool for transmitting information to symbolic 
layou~ placing programs. The statement informs one that the 
transistors being its arguments are placed in one column. By 
describing the MOS circuits the user must remember (with 
respect to the proper cooperation of the subunits of the 
entire system described with different methods) that positive 
logic is assumed in ADL and DIADES. 

10. ROMs and PLAs are often used in VLSI. By ROM we will 
understand the single array of N&~Ds (in positive logic). A 
description of ROM should be done with use of the ROM statement. 
By PLA we will understand two arrays of NANDs (i.e., two ROMs) 
linked in such a way that they realize the alternative nor~al 
form of multioutput Boolean function [Carr76]. 



The two-level multioutput functions can also be realized with 
ROM and additional NAND gates which separately realize. sums 
of the implicants (in PLA the sums are realized in a sep~rate 
array}. This method is often used in the practical designs. 

Example 3.9 

The circuit from Fig. 3.26 can be described as follows 

(PHASE F2 (NOR (PHASE FlA} C 
(PHASE Fl (NAND (OR G 

(AND I J )) 
(OR H L ) } } ) ) 

Fig. 3. 26 

This example present the method of describing gates in the 
ratioless circuit (statement (PHASE FlA) arising as the first 
argument· of the respective operator), the method of describing 
transmission transistors among gates (statements (PHASE F2 .•. } 
and (PHASE Fl ••• )). The description method for the negative 
gate leading its output to the , run with Fl phase, 
transmission transistor is also shown. 

Example 3.10 

M1 

A c X1h 
E 8 

0 

G 

Fig. 3.27 



·The bridge circuit from Fig. 3.27 can be described as follows~ 

(Ml = (MOS (A B c D E) (Ml) 
(COLUMN 

(RESISTOR Ml) 
(FET A Ml Xl) 
(FET B Xl G)) 

(COLUMN 
(FET E. Xl X2)) 

{COLUMN 
(FET c Ml X2) 
(FET D X2 G)) ) 

Example 3oll 

Diagram from Fig. 3.28a can be described (positive logic!) as 
follows: 

(x -- (NOR A (OR B c))) 

(Y -- {NOR %) {OR B c))} 

~ l-y 
.,.. E 
I 

Fig. 3.28 

Let us notice that similar diagram from Fig. 3.28b cannot be 
described in such a way and the MOS statement is necessary to 
apply, because of the necessity to describe separately each 
transistor. 

(XX = ( MOS (A B C E ) (X Y) 
(COLUMN (RESISTOR X)(FET A X Xl)(FET C Xl G)) 
(COLUMN (FET C Xl G)) 
(COLUMN (RESISTOR Y)(FET E Y Xl)))) 

(X== (XX [ 0 ])) 
( Y - (XX [ 1 ] ) ) 



Example 3.12 

L1 
L2 

NN1 NN2 

N[~ ~ [3] N(2] N(1] N [OJ 

W1 

Fig. 3.29 

The circuit from Fig. 3.29 can be described as follows: . . . 
(N == (ROM (WO Wl W2) 

( W2 ) ( WO W1 ) ( WO ) ( WO W1 ) ( WO W2 ) ) ) 
(NN1 == (NAND (N [ 2 : 2 ] ) (N [ 3 :. 3 ] ) ) ) 
(NN2 == (NAND (N [ 1 : 1 ])(N [ 0 : 0 ] ))) 
(W2 == ( ( Gl))) 

. ( W1 = (NAND Ll L2 ) ) 
(WO = (NOR (AND (PHASE F1 R) D) (AND A W ))) 
(R == (NAND N22 (NAND Nll R))) 

In Fig. 3.29 the schematic diagram of ROM is shown. The 
logically equivalent description of ROM is: 

((N [ 0 ] ) - (NOT W2)) 
( (N [ 1 ] ) = (NA..I\TD WO Wl) ) 
( (N [ 2 ]) - (NOT WO)) 
( (N [ 3 ]) - (NAND WO W1) ) 
( (N [ 4 ]) - (NAND WO W2)) 

As we see the implicant WO•Wl is here taken twice in sums ~,:r.-Jl 

and NN2 which corresponds to the second method of PLA reali-
zation. 



11. Statements MOS, ROM, DECODE, LOGFUN, MPX, MOORE and MEALY can 
be applied both in structure description and in behavior 
description in the same way as logic operators in 
expressions, for instance 

( R =: ( MOS ( A B ) • . • • ) ) 
(X=: (AND STROBE(ROM •... )}) 
(A =: (AND X (LOGFUN •••• )}} 
( B =: ( ( MOORE • • • • ) + ( A-B ) ) ) 
(IF (A< B) THEN (R =: (DECODE •••• ))) 



5.1. Simulation control language INADL 

Description of simulated devices includes the hardware 
description of the device (both behavioral and structural) in 
ADL82 (Automata Description Language) and the description of the 
simulation conditions in the language INADL (INputs to ADL). 
INADL permits: 

assigning of initial values for variables, 
specifying input sequences of variables, 
defining the list of printouts, 
defining the type and frequency of printouts, 
setting the values of the parameters which control the simu
lation process. 

5.1.1. Syntax of INADL 

<symbol> ::= <letter> I <digit> I <delimeter.> I <space>: 
<letter> :: = A I B I C I D I E I F I G I H I I I J I K I L I M I N I 0 I P I 

Q I R I s I T I u I v I w I X I y I Z; 
<digit> ::= o 1112131415 l6l7lal9: 
<de 1 imeter > : : = c I > I c I J I : I $ I * I , I =: 
<space> ::= (rank) 
<name> ::= <letter> I <name><letter> I <name><digit>; 
<number> :: = <natural number> I <octal number>: 
<octal number> .: : = <natural number> B: 
<variable> :: = <simple variable> I <subscripted variable>: 
<Simple variable> ::= <name>; 
<index> :: = <variable> I <number>: 
<list of variables> ::=<variable> I <table> I <list of variables>, 

<variable> <list of variables>, <table>; 
<table> ::= <variable> [<number> : <number>]; 
<comment> ::= $<text> ; 
<text> ::= <symbol> I <text><symbol> ; 
<data for simulation> ::= <statement of beginning of data><list of 

statements><statement of end of data> 
<numerical data> ; 

<statement of beginning of data> ::= ADLDATA ; 
< statement of end of da·ta > : : = END: 
<list of statements> ::= <statement> I <list of statements> 

<statement> : 
<statement> ::= <LOW statement> I <HIGH statement> I <CONST statement> 

<INPUT statement> I <extended INPUT statement> I 
<logic signal> I <parallel signal> I <value assignment 
statement> I <print statement> I <frequency of print 
statement> <RESTART statement> I <TIMEASYNCH statement> 
I <time-limiting statement> : 

<LOW statement> ::=LOW (<list of variables>); 
<HIGH statement> ::=HIGH (<list of variables>); 
<CONST statement> ::= CONST (<CONST list>); 
<CONST list> :: = <value> <list of variable> I <CONST list>, <value> 

<list of variables> 



<value> ::= <number>7 
<INPUT statement> ::=INPUT (<list of variables>); 
<extended INPUT statement> ::=INPUT (<list of time intervals>{*}) 

. <list of variables> ; 
<list of time intervals> :: = <number> I <list of time intervals>, 

<number> 7 
<logic signal> ::= <variable>(<list of time intervals>{*})~ 
<parallel signal> ::= <variable>(<list of changes>{*}); 
<list of changes> :: = <value> <time interval> I <list of changes>, 

<value> {<time interval>} 
<time interval> ::= <value> ; 
<value assignment statement> ::= <variable>=<initial value>,{<final 

value>,< step>} ; 
<initial value> ::= <number> 
<final value> ::= <number> ; 
<step> ::= <number> ; 
<numerical data> ::= <number> <number> I <numerical data> <number> ; 
<print statement> ::= PRINT(<print list>) : 
<print list> ::={<format identifier>},<list of variables> I <print 

list>,<format identifier>f<list of variables> ~ 
<frequency of print statement> ::= PRINTSTEP(<list of time intervals>+). 
<format identifier> :: = 0 I 1 I 2 ; · 
<RESTART statement> ::= RESTART(<list of time intervals>+) 
<TIMESYNCH statements> ::= TIMESYNCH <number> 
<time-limiting statement> ::=TIME <number> • 

means space (blank). {<terminal or nontermial symbol>} means that 
this symbol is an option. 

5.1.2. Semantics of INADL 

Statements which specify input signals 

Statement ADLDATA 

ADLDATA 1) 
begins the sequence of data for simulation. All possible text which 
precede work ADLDATA are printed on output file, without analyzing 
their meaning. 

Statement LOW 

LOW(var1,var2,···,varn) 2) 
assigns value "zero" to variables var1,var2, .•• ,varn· 

Statement HIGH 

HIGH (var1,var2, ... ,varn) 3) 
assigns value "one" to variables var1,var2, .•• ,varn. 

Statements HIGH and LOW serve mainly for assignment of initial val~es 
for logic (two-valuable) variables. 



Statement CONST 

CONST (m1 LV1{,mi LVi}) 4) 
serves to assign initial values to variables. It ensures that value 
m1 is assigned to all variables from LV1 list, value m2 is assigned 
to variables from Lv2, etc. The symbols in { } parantheses can be 
iterated an arbitrary number of times or can be omitted. 

Example 
CONST (125 Rl, R2, R[5:20], 177B R[1:4], R[21:25]) 
LOW (A, B, POWER) 
HIGH (CLOCK, START!) 

In this case the variables Rl, R2, R[5], R[6], ... ,R[20] obtain 
value 125. Value 128 (177B in octal) is assigned to words from 1 to 4 
and to words from 21 to 25 of subscripted variable R. Value 0 is 
assigned to variables A,B and POWER. Value 1 is assinged to variables 
CLOCK and START!. 

Statement Var 

Var = m1, m2, m3 5) 
ensures assignment to variable Var the subsequent values from m1 to 
m2 with step m3 before each beginning of the simulation process. This 
statement is utilized for declaring stimuli for the simulation pro
cesses for which the timing analysis has not been required. If num
bers m2 and rn3 are omitted the constant m1 value is assigned. 

Statement 

Var ( m1 t 1, m2 t 2, .•. , mn tn { *} ) 6 ) 
serves for declaration of stimuli. It describes input variable var 
(of parallel type) which has value m1 for time t1, next value m2 for 
time t2, etc. Placing symbol * on the end of the list causes cyclical 
repetition of changes from the list. For the nonperiodic signals the 
last declaration of time tn can be omitted which means that the value 
mn assigned as the last one will remain constant until the end of the 
simulation process. 

Statement 

Var(ti,t2, .•• ,tn {*}) 7) 
serves for declaration of the waveforms of logic variables. The sub
sequent numbers t1,t2, ••. ,tn declare the length of time intervals 
after which the Var variable is complemented (from 0 to 1 and from 1 
to 0). The initial value of Var is specified with HIGH or LOW state
ment. 

Example 

DAN and RXl are parallel variables and ST is a binary variable. 

DAN ( 5 6 I 4 2 I 3 1, 0 2 I * ) 
RX1(10 2, 24 7, 8) 
HIGH(ST) 
ST(2,*) 



Statement INPUT 

INPUT (var1 1 .••. 1 varn) 8) 
serves to declare list of variables var1, var2, •••1varn, which values 
are read from cards before beginning each simulation process for which 
the timing analysis has not been declared. Data on cards are written 
in free format (A format). Asc a first number· in each set of the sti
muli stands the number of variables 1 next the values of the variables 
follow. These data are preceded by the END card in the deck. 

Statement 

END 9) 
ends the sequence of data for simulation. 

Example 

ADLDATA 
LB = 5 
MN = 4,15,3 
INPUT (D, NZ,Ol) 

END 
3 7 
3 2 
3 13 

9 1 
12 4 

1 7 

For this sequence the variables will have the following values in the 
subsequent runs of simulation. 

No. of run 
1 
2 
3 

Statement 

LB 
5 
5 
5 

NN 
4 
7 

10 

D 
7 
2 

13 

NZ 
9 

12 
l 

Cl 
1 
4 
7 

INPUT(tl,t2,•••,tk{*}) var1,var2, ••• ,varn 10) 
is an extension of statement (8) and have application in the simula
tion with timing analysis. It enables declaring complex signals, 
which are hard to describe with statements NOS. 6) or 7) . The number::; 
t1, t2, ••• , tk correspond to the time intervals, after passing of \vhich 
the subsequent values of variables var1,var2, .•• ,varn are read fro~ 
the input. On the list of time intervals the symbol of iteration * 
can stand as the last one. In the data card sequence only one INPUT 
statement can be applied. 

Example 

The signals from Fig. S.la are described as in Fig. S.lb (A and B are 
the binary variables). 



a) 

.l, ---

0----~----~----~---------BJ------

C:=~;~----~~~~----~-------

b) 

Fig. 5.1 

HIGH(CLO,A,B) c = 2 
REG(2 3, 0 2, 4 2, 3 1, *) 
CL0(2, 1, *) 
INPUT(4,7,9,10,15)A,B,C 

END 

3 0 1 3 

3 0 0 3 

3 0 0 0 

3 1 0 2 

3 0 1 0 

In this example application of an INPUT statement is not obligatory, 
the equivalent description is: 

HIGH (CL0 1 A1B) CL0(2,1,*) 
REG ( 2 3 I 0 2 I 4 2 I 3 1 , * ) B ( 7 I 8 ) 
A (4,6,5) C(2 4, 3 5, 0 1, 2 5, 0} 

The print-controlling statements 

Statement PRINT 

PRINT (f1,LV1,f2, ••. ,fn,Lvn} 11) 
serves to specify the format and the list of variables for print. The 
variables from list Lv1 are printed according to format f1, variables 
from list Lv2 according to format f2, etc. The order of placing names 
on lists corresponds to the sequence in which the results are printed. 
Specified are the following formats: 

0 - binary print wit shifted one, 
1 - binary print, 
2 - octal print. 

The format is specified globally, i.e., format specified in one print 
statement and not specified in the other one is still valid. The 
standard format has number 0. In the print as many bits of the 
variable are taken into account as was declared in the description of 
the simulated system. 



Print statement can be also utilized for print of the contents of som4: 
tables of data base. In such a case in the list of print sta.tement 
the names of tables are placed with * prefix. For instance the state·-
ment 

PRINT (*TABNAZW, *LWART) 

induces printing the contents of tables TABNAZW and LWART according tc:> 
the formats specified in the simulator. The number of elements 
printed by the given tables dependes on the values of subscripts which 
specify the number of reservated or occupied words. The indexes are 
set up by the simulator. In such a way the following tables can be 
printed: TABNAZW, LWART, ANLIST, NALIST, COP, TW, WYW, NZH. To print. 
the contents of the tables with data for simulation the name * DANE 
must be given. 

The tables are printed When the print statement is recognized. The 
tables would then not regard the data introduced in the next state
ments. The statement to print the data tables should be placed just 
before the END statement. 

Simulation controlling statements 

Statement TIME 

TIME m 12) 
Specifies m simulation time'.s units as. a time of the simulation pro:
cess. 

Statement TIMEASYNCH 

TIMEASYNCH m 13) 
specifies maximal number of m asynchronous complements of variables' 
values in the simulation time's unit. 

Statement FREQ 

FREQ m 14) 
specifies the frequency of calculating the system's state during 
single pulse of the basic clock CLOCK. The standard declaration is 
CLOCK(l,*) which corresponds to the synchronous simulation. 
Declaration FREQ 4 mean·s CLOCK ( 4, * ) L e • , the state of the system is · 
calculated four times during 1/2 of the clock period, and the 
asynchronous simulation is applied. 

Statement RESTART 

RESTART (tl,•••rtn{*}) 15) 
restarts the simulation process. As the result of its execution the 
initial node of the program graph is written into the stack of active 
nodes in moments tl, •.• ,tn· The values t1, .•. ,tn describe the time 
intervals among the subsequent ·repetitions of starts of simulation. 



The following data sequence is expected for simulation: 

ADLDATA 
<list of statements> 
END 
{<numerical data>} 

The numerical data refer to the INPUT statement. All statements can 
be printed starting from an arbitrary column in the card (there is no 
format limitation). Excluding the directives ADLDATA and END they can 
stand also in an arbitrary order. Each statement can be continued 
into the next lines, the names cannot be however separated i.e., can-

; _ not include a space and cannot be split inot two lines. 

Symbol $ is the beginning of a comment. It can be placed in an 
arbitrary column on the card - the text from $ to the end of the card 
is treated as a comment. 

5.2. SIMADL simulator 

It is assumed tha SIMADL is use for checking the variants of design, 
when the device under design is described in the source language ADL 
and the detailed logic implementation has not yet been specified. The 
input to SIMADL program is the description in the internal list 
language GRAF, being the result of ADL compilation by TAG compiler. 
The syntactic correctness verification and error diagnostics of the 
ADL program is done by TAG, as well as other initial optimizing trans
formations. - Thanks to existence of TAG the simulator program is 
simpler and (because of description optimization done by TAG) - the 
memory of device's description decreases. The user of SIMADL deals 
only with ADL description, so SIMADL will be called the ADL simulator, 
however it should be remembered that it requires at first creating of 
the respective disc file by TAG compiler. The expressions of the 
simulation language are represented as a data base in the form of 
tables and lists (interpretive simulation). ADL has parallel state
ments, it is then obigatory to present the device's control as 
oriented labeled multigraph and it requires special method of eva
luating expression while simulation. The interpretive method of simu
lation is then much more convenient than the compilation approach in 
this case. 

SIMADL is a binary simulator - the parallel values of variables are 
treated as compositions (concatenations) of binary (logic) signals. 
Two modes of operation can be declared for SIMADL: it can work either 
as synchronous or as asynchronous simulator. The user can declare 
arbitrary ratio of the unit of simulation time to the basic clock's 
period. SIMADL reads the following GRAF lists from KIMFOR file: 
DECSET, COPLISSET, NALISSET, PLISSET, h~LISSET, STRUCTLISSET. While 
reading the lists NALISSET, PLISSET and STRUCTLISSET the assignment 
statements, the predicates and the structure descriptions are respec
tively translated into reverse polish notation. Such notation makes 
the expressions' values evaluation simple. The simulation process 
consists in a step by step transmission of the control points through 



the parallel program graph of control. The descriptions of the nodes 
actually activated are investigated. For the conditional nodes of the 
graph the node to which the control point (control) is transm1tted 
depends on fulfillment or not fulfillment of the respective predicate. 
corresponding to that node. In the parallel nodes (control dividing 
nodes) the control is simultaneously transmitted to more than one 
branch of. the program graph. In joining nodes the joins control 
coming from parallel branches. The controls coming to such nodes are 
- dependening on the node's type - cancelled, transmitted further, or 
reduced to single control. While transmitting of the control points 
through the graph the assignment statements are executed Which 
correspond to the activated nodes. The time relations are realized 
through distinction of synchronous and asynchronous transitions among. 
nodes and by taking into account the types of the assignments. Three 
main stages of SYMADL execution can be distinguished: 

1) reading of GRAF lists and creation of respective tables 
2) reading of simulation data in language INADL 
3) simulation. 

The GRAF language lists are read by SIMADL using the respective 
subroutines which utilize character (lexical) text analysis. Reading 
of the simulation data is done by DANESYM subroutine, and also utili
zes the character text analysis. In this case however also the syn
tactic analysis is performed as well as the error diagnostics. 

When data reading is completed the initial node of the program graph 
is inserted into the vector of active nodes, which initializes the 
simulation process. The simulation have two nodes, .which are related 
to one of the methods of the simulated system description. 

1) Only the description of the structure is specified. In such a cas4: 
two nodes are distinguished - the initial and the final one. 
Simulation consists of calculation of the entire device structure 
in one step, next the results are printed, new values of stimu
lating signals assigned and the results are calculated repeatedly. 
The simul tion is hal ted after so many structural calculations as i·t 
was declared in the TIME statement. In such cases the TIME state
ment specifies the number of repetitions rather then the time of 
simulation. 

2) The description of the device takes into account the timing. In 
such a case the devices control is presented as the graph with cer·•· 
tain transistions among nodes and descriptions of statements subor·
dinated to the particular nodes. Simulation of such description i:s 
based on the determination of actual active nodes l'lt'IA and their 
successors, i.e., future activity nodes. 

Each simulation cycle is started with determination of the nodes of 
future activity. Depending on the type of transition which leads to 
these nodes (asynchronous E or synchronous X) their numbers are writ
ten in the tables ETAB and XTAB. After each emptying of stack WWA th4: 
description of nodes in array ETAB area checked and the assignment 



statements of type = are executed. Next these nodes are rewritten to 
the stack of actual activity and the process of determination of their 
successors is repeated.· 

In the case when no node was written to stack ETAB or when the number 
of asynchronous transitions executed is equal to the number specified 
in TIMEASYNCH statement checking of the state of clocks is done. 

For blocks, in which the leading slope of the clock has occured - the 
selection of nodes in vector XTAB is done. Numbers of assignment sta
tements =:, ::, :=belonging to these blocks are rewritten from~-~ 
to vectors respectively XTABl, XTAB2 and XTAB3. Next the process of 
determining and calculating of statements in nodes from asynchronous 
transitions is once more repeated. 

Statements from vectors XTABl, XTAB2, XTAB3 are executed only by the 
respective state of the clock. The statements from XTABl are calcu
lated after occuring of"the leading slope, the statements from XTAS3 -
of back slope, and from XTAB2 always when the clock has state "1". In 
the fixed phase of simulation cycle the time is increased by one time 
unit and eventually the change of input signals is done. One cycle is 
executed in one unit of simulation time. Simulation is stopped after 
recognition of STOPADL node or when the time specified by statement 
TIME was overpassed. 

In the flowdiagram presented below condition KPA means checking if the 
cell asynchronous transistions were done or the number of transitions 
specified by statement TI.MEASYNCH was already executed. 
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6. Conclusion 

This report gives a general presentation of the DIADES system 
and presents in detail some of its programs and languages. The 
topics discussed with more details are: translation of source 
language, abstract implementation and simulation on the register
transfer level. 

ADL language has a complex syntax and many parantheses, which 
is the result of using LISP as a basic language of DIADES (LISP 
was selected to make writing translation and optimization 
programs easy) • 

Present language permits describing any digital system - often 
in many different ways. The choice influences the final result. 
Usually the choice depends on the user. It happens sometimes 
that the description of one kind has to be completed with the 
description of another kind, for instance the description of 
behavior requires sometimes additional description of structure 
of some subunit of the entire device. Some of the advantages of 
ADL language are shown in the program examples in the text and in 
the Appendices. 

The compiler of ADL uses most of the LISP 9.1 facilities to 
reduce the storage area and execution time. Some possibilities 
are included in TAG to make it more user-friendly. The possibi
lity of making listings of the ADL program with parantheses enu
meration is one of them - it allows for quick finding. of many 
types of errors. The present version of ADL language and its 
translator were formed after many successive improvements of the 
language. We are not going now to extend the description possi
bilities of the language but rather to make it more user-oriented 
and easy to use for the designers who do not have a knowledge of 
high level programming languages. 

Still the language's use can be confusing for less experienced 
user. To make his life easier we are going to write the interac
tive preprocessor to ADL, a sort of 11Programmer's Apprentice" 
which will ask questions of the circuit's description to the 
designer and will accept incrementally introduced, simplified 
syntax. This program will also include extended possibilities of 
floor plan description related to ADL primitives. 

The SIMADL simulator is devoted for verifying and evaluating 
design concepts in an early stage of design. SIMADL is the hard
ware description language simulator, two-valued, asynchronous 
table-driven interpreter. All its properties were constructed so 
that it could be used in the DIADES system, it requires coopera
tion with TAG. The simulator applies the data base of a relati
vely complex structore. Most of information in arrays and lists 
requires access to single bits. This sparingly uses memory and 
permits simulation of relatively large circuits. The current 
limitations are not critical because greater dimensions for all 
these arrays can be easily declared. For the test circuits 
descriptions applied the simulator's speed was quite sufficient. 
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The time spent on simulation depends mainly on the complexity and 
number of conditional statements. in the description rather than 
on the total size of the device. 

The next reports of the series will cover: 

a) optimization of program-graphs, 

b) implementation and floor-plan generation, 

c) logic and automata synthesis, 

d) gate level simulation, 

e) symbolic layout and mask design. 

It is possible that together with delivering new reports some 
corrections to the previously edited repo·rts will be done. They 
will be added in form of erratas. 
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