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ABSTRACT

This paper Jescribt’s the hicrar~ h1cal design process for
VLSI circuits and d i s~’usses the p~ t”ntial benefits and
disadvant~tgt~s.

INDEX TERMS: ver  l a r g e — s c a l . ~ in t~~ rat i~~n , design automation ,
integr ated cir cuit l a y o u t .

1. INTRODUCTION

Over t h e  past  decade s o f t w a r e  des igners  h~ivv  learned to
cope w i t h  i n c r e a s i n g l y  complex  programs . I n  order to deal
with this complexity a structured programing methodology
has been developed . The advent of VLS I technology has
brought similar compl exity with i n the reach of hardware
desigt~ers .

~~~~~~~ The objective of thi~. paper is to  explore the hardware
design process and the probh’ms that hierarchical design

4 approaches create as well as their advantages.

Figure 1 shows the major steps and interactions in the
hardware design process. The designer starts with a set of
initial specifications tha t are often incomplete and
possibly incorrect. The designer makes a number of design
decisions both in terms of logic design and physical design .
In the mean t ime he also modifies or refines the
specifications until a final design is reached .

Design deei’ions by the designer can take one of two
major forms:

__ 
_ _ _  
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F i g u r e  1: The H a r d w a r e  Des i gn  Process

I. top-down deco~’oo~~it i on of a beha v ior spec if ica t ion
* into l~~- - complex behavior specification modules.

2. bottom-up co—b in.~tion of physical building blocks
into larger buildin g blocks.

A t som’~ poin t in  t ime the dø s ig n e r  ha s to map the
beha v i o r  rp eci !i c~~t i o n s  in to some of th e build ing blocks and
to ac-ur e hirr self that t’~is mapping will Indeed result in a
correctly operating design.

From the previous discussion it is clear that the design
- - -

~~~ pr ocess A r . a c o m b i n a t i o n  of top-down and bottom-up processes
that are happening concurrently in the designer ’s wind until
he reac hes a fin’l correct design.

In an Idealized model of the design process , there are
three concurrent tasks:

I. behavior design , where the designer decomposes
the initial specification into subproblems.

~~~~~~ possibly refining the specification by doing so.

2. structural design , where the designer tries to
realiz e a bloc k or module by the interconnection
of more primi tive modules.
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3. physical design , where the designer tries to
realiz e his design in a given technology.

In most cases the behavior and structural design
proc esses go on concurren tly, while the physical design
process Is done separately. It is. however , quite clear
t h a t  the  phys ica l  design process can have a t remendous
influence on the behavioral or s t r u ct u r a l  design of a

r sys ter , necessitating many iterations dur ing a design

The physical design process itself may also be
h ierarchical in nature: a system can be partitioned into
physical subsystems that in turn can be partitioned into
physic al subsubsystems and so on.

Fr om t he  previous discussion on the digital system design
proce~;s , one can conc l ude that there exist at least three
major d e s ig n  hierarchies: a behavioral hierarchy , a
structural hi erarchy, and a physical hierarchy. The mapping
of a beh avior into a structural hierarchy is usually known
as t hc 3  lo -ji c design process , while the mapping of a
structure into physic.’l hierarchy is usually known as the

• physical process.

2. ~AJ~ P DE S I G N  H I E R A RC HI E S

2.1 REHPV IO R,aI. H I F . R A R C U Y

F i g u r e  2 shows a possible hierarchical decomposition of
a gener al purpose computr~r . In this particular examole the
CPU process consists of a fetch cycle and an execute cycle
process. The fetch cycle process consists of Instruction
fetch address calculat ion ar~d operand fetch subprocesses,

~~~~ while the execute cycle process consists of arithmetic and
— 

logical subprocesses. The arithmetic process consists of
addition and substraction. Each of those may consist of
inteqer and float ing p oint operations.

This is clearly an example in which the specifications
did not pay attention to the possible physical impl ications
of the hierarchical decomposition.

— 3 —
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A behavioral hierarchical decomposition can be
implementation independent. For instance, an ISPS—ltke

- - description 18a771 of the IBM/370 architecture would be the

4 same for all IBM/37~ implementations.

-
, 

One system tha t has adapted this hierarchical
decomposition of a behavioral description is the SARIS system
tEs78I at UCLA . The behavior of a system or subsystem at
every level of the hierachy is modeled In terms of GMB
graphs. The hierarchy of behavioral descriptions of a
hard ware design is similar to structured programming

• techniques.

This hierarchical behavior design process prov ides for a
iterative refinement of the initial design specification.

Design automation tools that could be used during this
phase of the hardware design process are: formal
verifi cc~tion of the behavior specification at various levels
of the hierarchy , as well as simul at ion of the design at
various levels.

— 4 —
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2 2 STRUCTURAL HIERA RCHY

ALU REG I STER CONTROL
/ %. TILE

I Acl :4’ Ac5 :8> R(1> R<3> Rc3~\~/0 TV

‘ii F i g u r e  3: S t r u c t u r a l  H i e r a r c h y

A possible structural hierarchy for a general purpose
• 

• • , computer system is shown in Fiqure 3, where the CPU consists

• of an ALL) reg ister file and a control section. These three
-
~~~~~ subsystems are interconnected by data paths which are not

shown explicitly in this hierarchy. The ALL) may consist of
two Identical sections , one for the first four bits and the
second one for the last four bits. Both sections of the ALL)
are made out of gates of type C. The register file on the
other hand consists of three registers Ri. P2 , P3, which are
construc ted out of flipflops of type F?.

The SARA system at UCLA fGa74) also includes a
structural modelling tool , called SL1 (a structural
description languaqe). This language allows the designer
to specify the structural hierarchy of the design.

In the SCALD design system 1MW78) a similar methodology
is employed . The SCALD system was used for the design of an
actual machine , the Stanford—l processor . This processor

— 5 —
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was designed within a few man—year s (a fraction of the time

~~~~ normally spen t on such a design project). One of the
advan tages of structural hierarchical design is that one
has a structural modularization of the design with
well-defined in terfaces. This can reduce the design time
considerably. The structural hierarchy of a system is
developed concurrently with the behavioral hierarchy . At
every level of the structural hierarchy one can can

-
~ associa te a behavior description with every module. This

behavior description itself can be hierarchical in nature ,
as was discussed in the previous section. This multitude of
behavior hierarchies can be used for formal verification of

• the design decisions the designer makes.

Ano ther function that one wants to perform during the
struc tur a l design is to verify the intended behavior of a
..~e: i -~n ~~i~~st the Struct ur ” th ’t one is oropo~~~r’i . Th i s
so-c.~11~~.. ‘~- ‘t . ’ f 1 o w  v e r i f i c ~~t i o n  ~~~ implarcntec3 in the LCD
syst ’  r :~t I’3 ’~ f O E 7 7 )

A f i n a l  im n o r t a n t  aspect  of a structural hierarchy is
• the  f a c t  that one can do a hardware macroexpansion of a

design irto lowe r level pri m itives. This prov ides an
al ternative to a direct hardware compiler from a behavior
de scri rt~ o~ into phy~-ic a1 hardware. Since such a mapping
is tot~~11y user-contr olled , one can achieve very
satisfactory results , as was deronstrated in the SCALD

t sys t er r t  (“ A 7 8 1 .

2 . 3  P !!YS~~~~L H I E R A R C HY

In  o r d er  to p ackage a syster the designer has at his
disposal  a h i e r a r c h y  of c a b i net s , r acks  and p r i n t e d  c i r c u i t
b o a r d s .  In i n t eg r a t e d  c i r c u i t  d e s i g n  he may have at his
disposa l ~~~ ‘ h i e r a r c h y  of s u per c e l l s . m a c r o c e l l s , simple
c e ll s  and t r a n s i s t o r s  ( F i g u r e  4 ) .

- - 
When d e s i g r ’i n g  l a rg e  scale  i n t e g r a t e d  c i r c u i t s  the human

des igner  has  a n a t u r a l  approach to lay out a des ign  f i r st  in
global terrs , and then to successively refine this design

-
- 

down to the transistor level .

In order to cope with the complexity of VLSI circuits ,
several hierarchical IC design systems have been described

- 6 —
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Figure 4: Physical Hierarchy

I
IPG7E , vS77~~. The ootential advantage o~ these systems

-
. comes from reducing the amount of desiar ti~ e, w h i l e

majn t~~jninq a reasonably efficient area utili zation .

During th~ physical design process extensive use is made
of design automation tools. A subtask of mapping the
structural design hierarchy into a physical hierarchy Is
known as the partitioning process. This oartitionin g is
usua lly done by human designers and very fe w automa t ic
algorithms are used .

Dur ing the physical design process one can obtain
suff iciently detail ed information to allow a detailed
behavior pred iction of a s’jstem. This predicted behavior
can then be veriui e l  ag~~inst the intended behavior as it was
specified by tf~e design~ r during the behavior specification
process.

— 7 —
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3. ADVANTAGES AND PROBLEMS

3 1 DEMONS TRATED ADVANTAGES

A ma)or advan tage of hierarchical design method s Is the
reduction of design time . This technique is often used
informally by IC layout designers: a cell is designed once
and then repl icated several times; further , IC designers
often use a top-down planning phase to determine the global —

layou t of a circuit. However , today ’s use of hierarchical
layou t by IC designers is totally informal . 

— 

-

For—al hierarchical method s for IC layout were proposed
in I vS77I and 1PG781 Preliminary results show that
hier archical a~..tomatic layout yields results that are
super ior to single-level (classical) automatic IC layout
algori t~~~s (P v l9a , Pv79b).

The ros t con v inc ing  evidence that h i e ra rch ica l  design can
reduce ~esign time can be found in the use of the SCALD
systern for the design of the Stanford—I processor (MW7RJ .
The SCALD systern uses a hierarchy of structural
(connectivity) diagra-s , specified graphically by means of
SUDS (th.’ Stanford tin iversity Draw i nq System) . The SCALD
syst.~ !urt~~~r consists of a n’acroexpander , wh ic h produces a
w ire li st at the physical module level and of a physical
d e s i g n  syster . which automatically produces the wirewrappe d
de si ar . Tne a r o u n t  of t i m e  and the  number of e n g i n e e r i n g
changes  to t h e  S t a n f o r d - l  de s ign  were  at leas t  an order  of
m a g n i t u i c  s - a l l e r  t h a n  those of compa r able ECL—ba sed
machi res.

3.2 PCTENTI’~L ADVANThC .ES

I f  one were  to form a l i z e  h ier ar c h i c a l  desi gn one could - :
require th’- designer to specify intended behavior for every
m o d u l e  in the  s t r u c t u r a l  h i e r a r c h y .

Thc first advantage of such an approach would be

I -~~ ex tensive documentation of the design , now a major cause for
misun derstanding and hence design errors and iterations.

— 8 —  
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If one were given the intended behavior and the structure
(realization) ot a system at a given level as well as the
intended behavior of all subsystems at the next lowe r level ,
then formal verification could be used to check the
consi stency of the designer ’s decisions.

- ~~~
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3.3 H I E R A R C H I C A L  DESIGN PROBLEMS

3 .3 . 1  The D i f f e r e n c e  in H i e r a r c h i e s

~~ One of the Important problems that one has to solve in
- 

- 
~~~
‘ hierarchical design is the mapping from a behavioral

hierarchy into a structural hierarchy, an d from a st ruc tu r al
hi~’rar chy into a physical hierarchy . In the past this
ma pp in g ha s al wa ys been don e by human desi gners wi th

-~~~~~ li ttle or no assistance from design automation tools. Due
to the increased complexity , the ne ed for formal
verification toolr as well as synthesis tools becomes more
and more apparent.

One osz~ib1 ~o l u ti ~~n i~~ to -~void the napping problem by
making every hehavior~~l module the same as every structural

- 
- 

~~~~~~~~~ moduir and the ~; ‘ e  a~ every physical module .  This may seem
-
~~~

-
~ a good solution at f i r s t sight , hu t  it has some farreaching

i m p l i c a t i o n s .  For i n s t an c ’ , a p h y s i c a l  d e s i g n  d e c i s i o n  may
be made t h a t  cou ld  r e q u i r e  c h a n g i n g  the  behavior
s p e c i f i c a t i o n  or t he  s tc~u e t u r c  s p e c i f i c a t i o n  of a d e s i g n.
Such a change  may i n v a l i d a t e  a l l  the v e r i f i c a t i o n  and

-
- -

~~ simulation re-~~lt c that were obtained on the behavior or
structural design. T h i s  may he a non—acceptable solution
that may result in a large number of iterations during the
d e s i g n  process .  I f  the  h i e r a r c h i c a l  s t r u c t u r e  of the
behavior of a desiqn is not the same as the structural or

- - -. physical h1erarchy then automated or computer—aided mapping
- processes a r e  needc’d . The ma in objec t ive of these automa ted

mapoing tools would he to speed up the time required to
• perform an error-free mapping of behavior into structure.

Unfortuna tely, ver y little work has been done on this
problem and it is not clear today how feasible such an
approach would be.

I-
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3.3.2 Circuit Layout Problems

1 ’ ]  [ 2 ]  
~~

‘ 1 ~~ 2 
~

_ _ _  _ _ _  

[ 3 J  L~’~l
__________________  

(b)

(a )

Figur e 5: Ine f fic i ’nt Layout due to Hierarchical Process

Fiq~ re S illu strate s the problem of mapping a structural
hierarchy into a phy ical hi~~rer chy In this example , which
represents a simple integrated circuit layout , the d e s i g n
Consists of four cells o! eaual size , num bere d one to f o u r ,
and a f ifth cell which is considerably smaller . If one were
to consider a one-to-one rapp ing from the structural
h ierarchy into a physical hierarchy, the layout of Figure Sa
would result with as a conseauence a potential inefficient
area utili zation. However, if In the physical design

-
- process one coul l combine 4 ~nd ‘i into a physical module ,

then the physic ii design m~ y be much more compact as shown
in F i g u r e  Sb. If behavior , st ruc ture and physic al
hierarchies were identical then this design decision mad e
durin g the physical layout of a circuit would have
repercussions on both the structural and behavior
spec ification s which may have been verified . Nonetheless
the dec i sion made he re shoul d h ave  no e f fec t on ei ther the
structure or the behavior of the circuit since it is a
pur ely physical design decision . -

In a purely hierarc hical approach one encounters the
prohl er of optimal shape determi~iation for the blocks in the

— 1 0 —
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layout hierarc hy . For example , in the s t ruc tural h ierarc hy
of Figure 3 all regis ters are buil t out of f l ipflops o f type
FF, that are physically identical. To associate a single
physical design with a structural module can be very
Inefficien t.

J A  1 181 [A J  [B]

[ c i  
c

( a )  (b)

F i g u r e  ~~: !-, f l u ~~n e  ( f  D i f f e r e n t  Phy~ i c a l  !.~ yo u t

Con siit r the ex~-er~~lr  of F i g u r e  f , wh ’~r ”  the  l ayou t
4 c o ns i st s  of thrr ..— s t r u c t u r a l ) y  id en ti cal modules A , B and C
¶ of type FF. The l - ~y ou t  could he greatly i~-~~ oved if the

p h y s i c a l  ~.h ane  of  C w e r ”  c h an qe d  as in  F i , u r e  6b .

A ~ im il ;~r p~ oble- ’ of efficient area uti l ization exists
w i t h  t h e  a c s i~~ r’- .- ’n t  of  t r~r~~inals around the periphery of a

- ~ - module. Figure 7a shows two identical modules A and B , with
the ~p’~ciuie d connections . If the order of the termin als
could be modifie d as in Figure 7b , a mor ’~ ‘ f f i c i e n t  layou t
could t~ obtained . This however w o u l d  necessitate the
r edes i gn of a l l  mod u l e s , thereby greatly red ucing the
ootcntial benefits.

- 
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Fi
~~
ure 7: Influence of T - rn ” in al Assignment

3.3.~ ~~1t li c t t y of I I i e r a r ~’t u i c a l  R~2resentations

It w~~~. a i r e a l y  p o i n t e i  out that a large numbe r of
hiera r h ica l behavior scrip~ io na may exist , complicating
the ;rn ~ l~ — of !or~~al design ve rification.

In a sil !ilar fashion, several 5tructural hierarchies may
exist , as poirted ou t  in 1v a 77 J : for the purpose of
simulation using a zero-delay, three-valued simulator , a

~~ flipf lop ra~ be modelled by a collection of gates and delay
elener’~~c; for use w ith another simulator, thi s same mod u le
may be ~ z~~ p e- 1 into ~~~~~~ gates with variable delays and for
the ç~:rpose of IC layout the mapping would  he into a set of
CMOS or N”C~ transistors . In other word s ~.he structural

• hier archy of a design depends not only on the designer ’s
decisions rel ating to pric e-performance trade—offs , but also

t on the actual purpose of the description .

In a sim il ar fashion, the physical hierarchy of a design
is not un ia~ ’~, but rather a choice of the designer.

The probl em of choosing the best hierarchy cannot be
• solved by the hierarchical design process concept . it is

important to realize that hierarchical design can merely
pr oduce an acceptable design in an red uced amount of time .

— 12 —

- - ~
• - •

~
- —t • - - - —

~~~ 
‘• - — -- - —•—•— - — — - - — —-.-- —



ru ,  -

~~~~

3 . 3 . 4  Th e Need to Exceed the Boundar ie s  of a Level

In the  p r e v i o u s  sect ion , several  examples were g i v e n  t h a t
illus trated the need for look-ahead over one or more levels
of the hierarchy.

Most of today ’s design automation software works on a
fixed level of abstraction. This is partly due to the lack
of h i e r a r c h i c a l  concep ts in these tools and par tly due to

.-~ t he  n a t u r e  of the  p rob le m they a re  t r y i n g  to solve.  Among
the l a t t e r  we rr e r i t i o n  the layout  of a PC board , the
c a l c u l a t i o n  of t im ing delays  in a LSI c i r c u i t , the
calcula tion of physical wirelength of a design.

For these exa~ p1es , a s i m p l e  macroexpans ion  of the des ign
prov ides a solution . The basic idea of a macroexpansion is
to collapse several levels of a hoerarchy into a single
level of abstraction.

However , th c r e are situ ations in which interactions
l’•~twe~’n the levels of  a hier archy are more c o -p l ex  and hence
tend to counteract the advantages. One such case is the
p r o b l e m  of qeo m e t r i c a l  de : ;ign  r u l e  ad h er e n c e  in L~~I l a y o u t .
These design rules are usu ally expressed as a combination of
co~ plex re l at i nr ip~ on rectan lu lar or p o l yj o n a l  elements.

~~~~ In a true hierarchical d”siqn environment , one has to define
desiqn rul s het w~’en ce l l~ that are far rore conservative ,
~-~‘nct- resultin g in a less opt i~~al layout.

A sa - ’il ar oro l-le— exist s w ith IC layout: a cell is often

t 
seen as a closed polygon without allowing use of the inside

• area for liy :nq out a collection of cells. In reality some
• ‘_ Y of this i t ’tr a— c ell area could he e~ ed for optimal layout.

4. CONC LUSIONS

In t h i s  pape r we have a t t emp ted  to p r e s e n t  a model for
the human designer and the design process. We have
postulated that a hierarchy of behavioral specification ,
s t r u c t u r a l  Irr r ) l e m e n t n t i o n  and physic a l r ea l i za t ion is a

~~~ reasonable model for the human designer .

— 13 —
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Design automation tools should capture this hierarchical
i n f o r m a t i o n  f r o m  the hum an designer and use it for making
more in telligent design decisions. An open problem in
design automation Is the problem of mapp ing from a

• -
~~ behavioral specification hierarchy into a physical• implementa tion hierarchy, and from a physical impl ementation

• hierarc hy into a physical realization hierarchy . This
process should be either automated or computer-aided , i f  we
want to deal with complex systems.

Hierarc hi cal des ig n is capa b le of reducing the amount of
- resources devoted to a design. As always this yields a

- - trade-off between desiqn optimali ty and design time . In the
- - VLS I e r a , a subopti rtal inexpensive de’~ign may be more

im p o r t a ’t  than a more expensive but more optimal design.

- 
In sore cases there will be a need to p er f o r —  a

• iracro-ext,ansion on the desi gn in or der to consider the whole
- . design •~~~t a single level .

- 
.
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