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The Need for 
Consistency Between the 

s a subset of computer programming lan- 
guages, hardware design languages (MDLs) 
must be necessarily precise and unambigu- 
ous. Then, hardware descriptions may be 

developed in an HDL and executed on a host com- 
puter to yield accurate and unambiguous results. The 
character of HDLs is defined by the syntactical rules 
that constitute a manifestation of the grammar and 
the semantics of the language constructs that define 
the meaning or effect following execution. 

In addition, an HDL must encapsulate the com- 
plete knowledge of all hardware processes within its 
scope of modeling. There are key desirable proper- 
ties of an HDL, and these properties are referred to 
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here as "consistency" between within its acope of modeling. 
That is, it must permit a pro- 
grammer to express, accurately 

ecutable program that the pro- 

violating any of the syntactic 

VHDL's understanding of the the HDL and the underlying 
hardware process. Thus, the 
grammar and the semantics of 
each of the langudge constructs 

taking into consideration every 

underlying meaning Of enti ty IS andpreciaely, every possible ex- 

must be synthesized carefully, incomplete and, in part ,  erroneous. gramnler may des,@, 

possible and legitimate interac- 
tion between the individual constructs, and guaranteeing that 
accurate and unambiguous results are generated following the 
execution of any legitimate program. Conversely, the lack of 
consistency would imply a poor HDL in which the descriptions 
of hardware systems would be nonintuitive, unrealistic, and ac- 
companied by high probability of errors and flaws. Such HDLs 
would also be difficult to learn and teach. 

This article develops a set of fundamental principles underly- 
ing HDLs, starting from physics, reality, and first principles. It 
then critically analyzes the leading HDGVHDL. Although a sig- 
nificant body of VHDL reflects superb design, it suffers from a 
number of fundamental flaws, which, unless corrected, will se- 
verely cripple its effectiveness and usability in the future. A pri- 
mary goal of this article is to offer suggestions for modifications to 
key syntactic and semantic constructs ofVHDL to ensure its con- 
tinued success as the state-of-the-art HDL into the next century. 

An HDL Primer 
In the early days of computer design, to relieve the designer of 
the clerical and administrative burden of design, com- 
puter-program aids were developed, with one of the first exain- 
ples being IBM's software for wire list preparation [11. Then, 
tools to capture the interconnection of high-level computer sys- 
tem building-blocks such as the PMS 121 were developed. Grad- 
ually, and as early as the 1970s, HDLs emerged as a practical 
vehicle to facilitate the design of complex hardware in the same 
way that assembly language programming must yield to 
high-level general-purpose programming languages for devel- 
oping large complex programs. 

All HDLs constitute a subset of the computer-programming 
language designs. Like all computer-programming languages, if  
the intent of an HDL is known (i.e., one has the knowledge of the 
characteristics of the underlying process(es) that need to be ex- 
pressed in the language) and the expectations following execu- 
tion of a program on a computer(s) are specified, one may 
develop a basic set of (not necessarily canonical) language con- 
structs and associated semantics that satisfy the intent. Clearly, 
the semantics will be a function of the underlying process(es) 
that are modeled in the language and the fundamental charac- 
teristics of the host computer(s) on which the executable pro- 
grams are executed. The desirable properties of such a language 
would include accuracy of representation, precision of the exe- 
cution results, faithfulness to the intent, simplicity, fast execu- 
tion, and "naturalness" [3]; i.e., the appropriateness of its 
elements relative to the underlying process(es). 

There is another very important requirement of all HDLs. A 
language encapsulates the complete knowledge of all processes 
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and semantic rules laid down by 
the language. Clearly, the syntax and semantics together must 
encapsulate the total character of the underlying execution. 
Thus, the language designer is required to carefully synthesize 
the grammar and the semantics of each ol  the language con- 
structs, taking into consideration every possible and legitimate 
interaction between the individual constructs and guaranteeing 
that accurate and unambiguous results are generated following 
the execution of any legitimate program. Any failure in this 
guarantee may seriously jeopardize the language-design effort. 

In addition, for greater acceptance by the community and ef- 
fectiveness of usage, the language designer is required to make 
every effort to realize straightforward and simple-to-use lan- 
guage constructs. The guideline to the language designer in- 
cludes the precise purpose of the language, which, in turn, 
imparts to it a mandate, a well-defined set of characteristics, a 
clear scope, and a precise set of limitations. In this article, the in- 
tent is to capture the hardware design process faithfully and ac- 
curately and to yield fast and accurate results following the 
execution of the programs written in HDL. 

The immediate question is: What are HDLs? Fundamentally, 
the goal of an HDL is to model in a host computer any hardware 
system-synchronous or asynchronous-at any given level of 
abstraction, as faithfully and accurately as possible. HDLs must 
facilitate hardware descriptions that are natural and easily com- 
prehensible to the designer. Once developed, the model or the 
hardware description serves as an accurate replica of the original 
(or intended) hardware-whether already built or currently un- 
der development. Thus, the results obtained from executing the 
model on the host computer must match those of the actual 
hardware system. The model may then be either functionally 
simulated for design correctness and performance estimation, 
provided as an input to a tool for checking formal correctness, or 
used as an input to a hardware-synthesis tool. Clearly, without a 
host computer, HDLs are of limited value. 

Thus, HDLs allow a hardware designer to describe accurately 
the target hardware design or an existing hardware system. The 
primary goal is to execute the description on a host computer so 
as to detect design flaws and errors and yield performance esti- 
mates. The execution of a hardware description on a host com- 
puter mimics the operation of the actual hardware and is termed 
functionalsimulation. Thus, the role ofthe host computer is to 
emulate the target hardware. The description may imply ease in 
the comprehension of an otherwise large and complex design, 
serve as a documentation for the design, and facilitate teaching 
the hardware design process and computer architecture. Other 
uses of hardware descriptions in HDLs include the ability to per- 
form fault simulation and test generation to aid in developing re- 
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l iable des igns ,  t i m i n g  few in number, and they reflect 

and develops superb digital designs. Second, one develops a 
deeper understanding of the whats and whys of the underlying 
limitations. As circuits become faster and more complex in the 

The difficulty wi th shared variables has a highly condensed and crystal- 
verification to quickly ensure 
the timing accuracy of the de- lized form of knowledge. Fifth. 
signs, formal verification of de- finallv surfaced in the multithreaded virtually all of the H D L ~  to date, 

explicit knowledge ofanother entity’s behavior, conceivably, each 
entity may possess its own notion of timing, including clocks, 
timing constraints, delays, etc. Thus, for an HDL to successfully 

including Verilog HDL and 
VHDL, execute  only on  
uniprocesaors, implying excru- 

implementations of VHDL. signs, and automatic synthesis 
of the target hardwdre. Conceiv- 
dbly, a description of a hardware 
at a given level of detail may not 
be ideally suited for all of the different uses. For example, while 
accurate delays are essential for functional simulation and tim- 
ing verification, current synthesis tools are limited to hardware 
descriptions with only zero-delay assignments. This under- 
scores the need to know the basic philosophical aims of an HDL 
and all of its potential uses, prior to the design of the HDL 

To summarize, the objectives of HDLs are to: 
+ Provide a means of describing a circuit either through a 

structural model (i.e., employing the physical elements 
utilized to implement the circuit) or a behavior model (i.e., 
the behaviors of the physical models are emulated in soit- 
ware). 

+ Permittheuse ofmultiple modelsofthesamecircuit, tofa- 
cilitate simulation, synthesis, etc. 

+ Provide a foundation for simulating circuits by encapsulat- 
ing the concept of timing including delays. 

+ Provide a foundation for defining a circuit completely, in- 
dependent of a specific implementation. The definition will 
constitute a starting point for developing an implementa- 
tion for a specific technology (hardware/software) today as 
well as future realizations in advanced technologies. 

HDLs are the key to understanding computer hardware and 
software. They are involved from the conception ofany new com- 
puter or hardware design to the final implementation and test- 
ing of the IC. The US Government and industry, world-wide, has 
spend over hundreds of millions of dollars in developing HDLs, 
including VHDL. HDLs are taught in every major electrical and 
computer engineering department at universities around the 
world, and any company engaged in electronic design must uti- 
lize some form of an HDL. The field of HDL represents a unique 
interaction of a number of disciplines from EE and CS; namely, 
language design, hardware design and computer architecture, 
compilers, language environments, simulation, distributed al- 
gorithms, and parallel processing. 

An effort to understand the basics, starting from the first 
principles, promises a number oiadditional advantages. First, it 
reveals the reason for each specific language construct, leading 
to a better appreciation of how to use it to realize the maximum 

ciatingly long simulation times 
for large hardware systems. One of two key reasons is the lack of 
an intricate and correct weaving of concurrency into the HDLs. 
Last, should a new HDL come around in the future, one that is 
based on new principles superseding today’s lime-based and 
event-driven simulation principles to one conversed in the ba- 
sics, il offers little resistance to understanding and mastering it. 

Fundamental Requirements of HDLs 
The key requirements of MDLs emanate from the fundamental 
characteristics of hardware, which, in turn, are defined through 
the following concepts of (1) entity, (2)  connectivity, (3) 
concurrency, and (4) timing, while the designer’s current view 
of hardware embraces the notion of (5) hierarchy. 

Entity 
The concept of entity is fundamental in this universe and also to 
our understanding of the universe. Although the universe and 
all knowledge about it may be one continuous thread lo  the cre- 
ator, our understanding is that the universe, at any level of ab- 
straction, consists of entities. The American Heritage Dictionary 
141 defines the word entity as “The fact of existence, being. Some- 
thing that exists independently, not relative to other things.” 
Thus, an entity exists and its existence is guaranteed independ- 
ent of all other entities. Because it exists, an entity must be 
self-contained; i.e., its behavior, under every possible scenario, is 
completely defined within itself. Uecause the entity exists inde- 
pendent of all other things, its behavior is known only to itself. 
Unless the entity shares its behavior with a different entity, no 
one has knowledge of its unique behavior. Conceivably, an entity 
may interact with other entities. Under such conditions, its be- 
havior must include the scope and nature of the interactions be- 
tween itself and other entities. 

In the discipline of digital systems, hardware is organized 
through entities, at any level of abstraction. Examples include an 
AND gate at the gate level, an ALU at the register-transfer level, 
and the instruction decode unit at the architecture level. For each 
entity, its behavior must include all that is relevant at that level of 
abstraction, such as the logic, timing, control, exceptions, etc. 



Connectivity 
Although they are independent, entities may choose to interact 
with one another. In general, a single entity all by itself is proba- 
bly not all that interesting. A single gate is clearly not interest- 
ing. A single, stand-alone, un-networked computer, though 
inspiring a decade ago, is hardly considered exciting today. In 
the event that entities interact with one another, the scope and 
nature of entity As interactions with entities B, C,.,,, must be 
completely specified (i.e., for all possible scenarios) within the 
behavior ofA. The interactions between the specific entities may 
be captured through connectivity information. In general, en- 
tityAmayestablishaconnectionwithentityBforalimiteddura- 
tion, then establish another connection with entity C for a 
specific duration. However, in the current hardware design para- 
digm, the connectivity information is generally permanent and 
is therefore static. If hardware modules evolve to acquire mobil- 
ity in the future, appropriate HDLs may need to be designed. A 
key rule of connectivity between entities is as follows. Where A is 
connected to B via a link, neither A nor B can forcibly access the 
other's internal behavior. B can read only what A asserts on the 
link, and vice versa. There is no limitation on the nature of the 
information that may be placed on the link, extending from a 
simple integer to a complex data structure. However, it is logical 
to expect both A and B to understand each other's asserted data, 
without ambiguity. For digital hardware, a link between two en- 
tities represents the wire that connects the corresponding hard- 
ware modules. At a minimum, the link must contain, explicitly 
or implicitly, the electrical voltage values and the times at which 
the voltages are asserted, starting from time 0 up to the current 
simulation time. There are no fundamental limits placed on the 
direction of information flow in the links. A link may be perma- 
nently unidirectional either from left to right or right to left, or 
bidirectional. Given the static nature of the connectivity in hard- 
ware, a link must be declared unidirectional, along with the di- 
rection, or bidirectional, statically. 

U 

Concurrency 
Most research articles on HDL accurately observe that hardware is 
concurrent. This is indeed true. Concurrency is defined [4] as si- 
multaneous occurrence. From the first principles, since every en- 
tity exists independent of others, entities must necessarily be 
concurrent, Therefore, in the digital design discipline, if a hardware 
system consists ofNentities at a given level of abstraction, the po- 
tential concurrencyisN. Whereahost computer hasavailable to ita 
total ofNdistinct processors, in theory, allNentities are potentially 
simultaneously executable, thereby achieving fast simulation of the 
entire system. However, the nature of concurrency in the HDLs is 
complex, requiring a careful analysis of the fundamentals. 

Consider a simple circuit consisting of three interconnected 
AND gates, G 1  through G3, organized through upper and lower 
circuits, as shown in Fig. 1. Consider first the upper circuit and 
that a logical 1 value is asserted at  both inputs, A and B, of G1. At 
first sight, to one familiar with HDLs, it may appear that gate G1 
will execute first for the given external input stimulus,and possi- 
bly generate an output, following which G2 will execute. In real- 
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ity, however, as soon as power is turned ON, both gates G 1  and 
G2 start to functionsimultaneously, and this is a key basis for the 
claim that hardware is concurrent. Electrically, the gates oper- 
ate continuously. It is not true that the gates are inactive when 
no signal is asserted at  their inputs and that they "wake up" when 
a new signal is asserted at their input port(s). In Fig. 1, G2 is not 
even aware that it is connected to G1 and G1 does not know that 
its input ports are primary (i.e., external signals may he asserted 
on them). For our convenience, we may view hardware through 
its activity, but thatview is not reality. The placement ofthe gate 
instances in a gate-level HDL in any order and the use of the 
guarded statements in the register-transfer level HDLs reflect 
their recognition of the concurrency of hardware. 

The recognition that hardware is concurrent by itself is not of 
much value. The issue of concurrency gains importance when 
the hardware description is required to be executed on a host 
computer. For a given hardware system, if all of its constituent 
entities are potentially simultaneously executable, then, assum- 
ing the availability of adequate computing resources, they may 
all be actually executed simultaneously on multiple processors, 
thereby simulating the entire hardware system quickly. Fast 
simulation is important since it can help us detect and fix errors 
and design flaws, quickly and cheaply, before developing an ex- 
pensive, full-blown prototype. Of course, where the host com- 
puter is a single, sequentially executing computer, as in the case 
of all of the gate-level, register-transfer level, and architec- 
tural-level HDLs, any discussion of concurrency in the HDLs is 
significantly limited. 

To better appreciate concurrency, this article will first focus 
on a different view of the execution of hardware descriptions un- 
der s imulat ion,  termed event-driven simulation. The 
event-driven simulation technique is the current choice of sim- 
ulation due to its efficiency. A simple understanding is presented 
here, and for further details the reader is referred to [5]. Also, two 
sources of concurrency in HDL simulation are described here. 

Consider 

1 where theoutputvectorOattimet2ofasequential hardwareen- 
tity is expressed as a function of the input vector and statevec- 
t o r s  at time t l .  Where tl = t2, the output is considered to be 

I 1  1 

I .  Understunding concurrency in hardware 
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generated instantaneously. However, according to relativistic 
physics, any action or output is limited by the speed of light and, 
in the digital hardware discipline, the output of an entity re- 
quires a finite time, termed propagation delay, to be realized at  
the output port. Thus, for digital designs, t l  # t2. In the digital 
design discipline, instantaneous output has been modeled 
through zero delays and it has been the source of inconsistency 
and much grief. Also, t2  cannot be less than t l .  Therefore, t2  
must be greater than t l ,  which is consistent with reality. 

In Eq. (l), consider that a new input signal 7, is asserted at the 
input port of the entity. Assume that an output 0, is generated. 
Where the output is identical to its previous value, the 
event-driven simulation considers the case to be insignificant 
sincethereisnochangeattheoutputoftheentity. In thecasethat 
6, is different from its previous value, the event-driven simula- 
tion considers the case significant and the new value is propagated 
to other entities that are connected to the entity in question. 
Thus, in event-driven simulation, only changes in the logical 
value of input and output ports of the entities are important. 

In Fig. 1, assume that the circuit is powered, the circuit is sta- 
ble, and that the starting point of the circuit operation is consid- 
ered as time 0. Clearly, new signals are asserted at the input ports 
of gate G1 and it must be executed. In contrast, gate G2 does not 
have a new signal asserted at its input at time 0, so it need not be 
executed. Thus, at time 0, only gate G 1  needs to be executed and 
the potential concurrency is 1. Consider that gate 61 generates a 
new signal value at time 10, which then is asserted at the input of 
gate 62. Also assume that a new signal value is asserted at the 
primary input ports of gate G1 at time 10. There is no activity be- 
tween time 0 and time 10, so none of the gates need to be exe- 
cuted and concurrency is 0. At time 10, however, both G 1  and G2 
must be executed, implying a potential concurrency of 2. This 
describes the first source of concurrency. That is, if the host 
computer had two separate processors available, they could si- 
multaneously execute G1 and G2 and accelerate the overall task 
of simulation. It is pointed out that despite G2's dependence on 
G 1  for signal values, both G 1  and G2 may be executed simulta- 
neously at time 10. 

In Fig. 1, now consider both the upper and lower circuits. At 
time 0, gates G1 and G3 both receive new signals at their input 
ports. They do not depend on one another for signal values. 
Therefore, they may be executed simultaneously, yielding a po- 
tential concurrency of 2 at time 0. Thus, if a host computer 
makes two distinct processors available, C1 and G3  may be exe- 
cuted simultaneously, thereby speeding up the simulation. This 
describes the second source of concurrency. 

Timing 
Time is defined [4] as the nonspatial continuum in which events 
occur in apparently irreversible succession from the past 
through the present to the future. In the digital design disci- 
pline, the correct functioning of systems is critically dependent 
on accurately maintaining the relative occurrence of events, 
thereby underscoring the importance of timing. Barbacci [ E ]  
correctly observes that the behavior of computer and digital sys- 
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tems is marked by sequences of actions or activities, while 
Baudet et al. [7] wisely view the role of time in HDLs as an order- 
ing concept for the concurrent computations. Piloty and 
Borrione [8] propose the BCL time model for HDLs where real 
time is organized into discrete instants separated by a single 
time unit, and the beginning of each time unit contains an indef- 
inite number of computation "steps" identified with integers 
greater than zero. Steps provide only a beforehfter relationship. 
The concept of "delta delay" in VHDL 191 is derived [lo] from 
Piloty and Borrione's notion of steps. 

At agiven level ofabstraction, although each entity may have 
its own notion of time, for any meaningful interaction between 
entities A and B, both A and B must understand at the level of a 
common denominator of time. This is termed as universal time, 
assuming that the system under consideration is the universe. 
Otherwise, A and B will fail to interact with one another. 

Thus, at  any given level of abstraction in hardware, the enti- 
ties must understand events in terms of the universal time, and 
this time unit sets the resolution of time in the host computer. 
Consider a hardware module A with a unique clock that gener- 
ates pulses every second connected to another hardware module 
B whose unique clock rate is a millisecond. Figure 2 shows a tim- 
ing diagram corresponding to the interval of length 1 second be- 
tween l second and 2 seconds. Figure 2 superimposes the 1000 
intervals, each of length 1 ms, corresponding to the clock of B. 
Clearly, Aand B are asynchronous. ModuleA is slow and can read 
any signal placed on the link every second. If B asserts a signal 
value v l  at 100 ms and then another value v2 at 105 ms, both 
within the interval of duration 1 second, A can read either u l  or 
u2, but not both. The resolution of A, namely 1 second, does not 
permit it to view ~1 and u2 distinctly. Thus, the interaction be- 
tween A and B is inconsistent. IfA and U were designed to be syn- 
chronous (i.e., they share the same basic clock), A would be 
capable of reading every millisecond and there would be no diffi- 
culty. In reality, microprocessors that require substantial time 
to generate an output of a software program are often found in- 
terfaced asynchronously with hardware modules that generate 
results more quickly. In such situations, the modules and the 
microprocessor understand the universal time; i.e., they are 
driven by clocks with identical resolutions, although the phases 
of the cloclts may dilfer, thereby causing asynchrony. 

Thus, the host computer, which is responsible for executing 
the hardware descriptions corresponding to the entities, must use 
the common denominator of time for its resolution of time. When 
the host computer is realized by a uniprocessor, the underlying 
scheduler implements this unit of time. When the host computer 
is realized by multiple independent processors, each local sched- 

29 
. " ". ,, 



d e r ,  associated with every one of 
the processors, will understand 
andimplement this unit oftime. 

the manufdcturer's timing speci- 

The ADLIB [ 141 language lacka 
explicit constructs to express 
constraints and leave5 it to the 

through the high-level Idngudge 

struct permit\ the specification of 
timing constraints in the Conlan 
[ 8 ]  HDL hu t  is cryptic and 
nonintuitive. In contrast. VHDL 

TimingDelays.Ananalysisof accurate, distributed, event-driven user's ingenuity to model them 

ficdtiona of ga t e s  and  
higher-level hardware modules 

simulation is ye t  another reason 
for the  problem of executing 

constructs The ASSERT con. 

reveal that the propagation delay 
plays a key role. Propagation de- 
lay is defined [ll] ds the time be- 
tween the specified reference 
points on the input and outputvoltage waveforms with the output 
changing from one defined level (high or low) to the other defined 
level. For the output changing from logical low to logical high, the 
propagation delay is referred to as rise time and denoted by t p w ,  
while for the output changing from logical high to low, it is re- 
ferred to as fall time and denoted by @/</,. The values of the rise 
and fall delay may differ from one another by as much as a factor of 
3. Thus, hardware is unique in that, unlike in queuing theory, the 
delay is a function of the state of the input stimulus. 

The behavior-level HDLs such as ADLIB-SABLE [la] and 
VHDL [9] incorporate propagation delays. ADLIB-SABLE in- 
cludes anticipatory timing delays that result in an inconsistency. 
VHDL includes inertial and transport delays. While the concept 
of inertial delays is based on the pre-emptive scheduling princi- 
ple, the concept of transport delays is observed to suffer from in- 
consistency and is addressed in detail in [131. 

Asynchronous Timing Behavior and Asynchronous Interac- 
tions. For an HDL to successfully model the asynchronous behav- 
ior of a hardware system, the fundamental requirements are as 
follows. First, the language must be able to model the intrinsic, 
concurrent nature of hardware. Second, the language must en- 
able the hardware system description to synchronize, during exe- 
cution, with respect to an external, obviously asynchronous, 
signal. To realize this, it may be necessary to suspend the sequeii- 
tial execution of the hardware system until a specific timing con- 
dition involving the external signal is satisfied. Third, the 
language must permit the hardware system to include asynchron- 
ous delays in the course of its execution. This will enable the hard- 
ware description to pause at any point during its execution and for 
any arbitrary length of time, in universal time units. While the 
"waitfor" construct of ADLIB-SABLE constitutes the original ef- 
fort to model asynchronous interactions, the "wait" construct in 
VHDL reflects a precise, accurate, and adequate language con- 
struct. Fourth, the language must enable the hardware system de- 
scription to assign signal values to output and bidirectional ports 
asynchronously, with respect to other entities. 

Timing Constraints. Along with the propagation delays, timing 
constraints between two or more signals constitute the complete 
manufacturer's timing specifications of gates and higher-level 
hardware modules. TheTexas Instruments'ITL Databook 1111 lists 
setup, hold, minimum pulsewidth, and maximum clock frequency 
as the key timing constraints. The gate-level HDLs, regis- 
ter-transfer -level HDLs, and the architectural HDL completely 
lack any explicit language constructs to model timing constraints. 
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utilizes the "signal attributes" 
and other language constructs and permits a convenient specifica- 
tion of timing constraints. 

To express timing constraints, fundamentally, the language 
must permit an entity to access the complete (or partial, as ap- 
propriate) history of every signal, up to the current simulation 
time, that serves as an input to it. At a minimum, the set of logi- 
cal values and the corresponding assertion times of every input 
signal must be available to the entity. The entity generates the 
values for its output signals, so by definition, it has complete ac- 
cess to the history of all of its output signals. 

Timing constraints may involve one, two, or more signals. 
For a single signal, issues such as minimum high and low dura- 
tions are of concern. Where constraints involve two or more sig- 
nals, they may be reorganized into sets of checks with each set 
involving two signals. Fundamentally, timing constraints may 
assume one of two forms. Consider two signals, S1 and S2. First, 
relative to a specific instant of time T1 in S1, it may be necessary 
to check the past behavior of S2; i.e., before T1. The notion of 
setup check in a flip-flop constitutes an example wherein one fo- 
cuses on the active clock edge and examines whether theU input 
has been stable for setup time units prior to the clock edge. Sec- 
ond, relative to T1 of S1, it may be required to check the future 
behavior oi S2; i.e. beyond T1. Clearly, this is impossible at 
time-instant T1 since any behavior is known, with certainty, 
only up to the presenl; i.e. T1. The future is unknown at the pres- 
ent. Therefore, the verification must be realized at an appropri- 
ate future time, The issue of hold time check, again in aflip-flop, 
constitutes an example. Relative to the active clock edge, t h e n  
input must remain stable hold time units into the future. 

Hierarchy 
The hierarchical design methodology is an effective technique to 
address the increasing size and complexity of hardware systems. 
In this approach, the entire system may be expressed at different 
levels of abstraction. At the higher levels, the description is con- 
densed and the behavior is comprehensible at the high level, 
while at the lower level, the description is less compact and the 
details are increasingly visible. The basic character of hierarchy 
is that at each level of abstraction, the description of the hard- 
ware system must be complete, self-contained, consistent, and 
natural relative to the actual hardware at that level. That is, the 
behavior must be understandable to the designer without resort- 
ing to the lower-level details. In general, the resolution of time is 
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higher levels of the design abstraction. 
In the hardware design process, efficient debugging often re- 

quires one subsection, say A, of the hardware system, S, to be 

Aand (S-A) may differ, the simulator must ensure that they both 
understand the common denominator of time to facilitate inter- 
action between them during the simulation. Second, the elabo- 
ration ofA at the lower level of hierarchy relative to (S-A) may be 
achieved either statically or dynamically. Under static elabora- 
tion, the subsection A must be identified a priori and elaborated 
before initiating the simulation. Under dynamic elaboration or 
zooming 181, the user is permitted to elaborate, during simula- 
tion, select subsections of the hardware system at a lower level. 
The motivation for dynamic elaboration may lie in the obsewa- 
tions and intermediate results that warrant further examination 
of the subsection in greater detail. 

Critical Analysis of VHDL language Constructs 
In this section, VHDI, is examined in the light of the fundamen- 
tal characteristics of behavior-level HDLs. First, we will concen- 
trate on its key features and then on its limitations. We will not 
focus on enumerating every detail ofthe language, since it is ex- 
tensive and has been covered in [9] as well as in a number of 
books [l6, 171. 

ports-in, out, and inout-may assume any complex data struc- 
ture and are strongly typed. 

The body of an entity is specified through the keyword archi- 

Characteristics of VHDL Relative t o  
"Ent i ty and "Concurrency" 

VHDL utilizes the word entity to define the primary hardware 
abstraction. Although its mention occurs earlier, chronologi- 
cally speaking, in the VHDL Draft Request For Proposal (DRFP) 
[ 181, the use of entity is a significant step in the right direction. 
VHDL defines an entity: It represents a portion of hardware de- 
sign that has well-defined inputs and outputs and performs a 
well-defined function. 

An entity is organized into two main parts-entity declara- 
tion and entity body. An entity declaration specifies a unique 
name for the entity and contains the common interface that is 
shared by one or more entity bodies corresponding to the entity 
declaration. The entity declaration has three subparts: an entity 
header, which enumerates the input, output, bidirectional 
ports, any generic parameters; an entity declaration that con- 
tains all items that are common to all corresponding entity bod- 
ies; and an entity statement part that contains assertions, 
procedure calls, and process statements 191 that are also com- 
mon to all entity bodies. The second and third subparts merely 
reflect the common items between all entity bodies correspond- 
ing to the entity declaration. Unless a set of statements are orga- 
nized explicitly through a process, all statements in VHDL are 
concurrent. I3y this token, the assertion, procedure, and process 

is able to examine the functioning of A at a greater detail, the 
overall simulation is fast since the remainder of the system is ex- 
ecuted at the higher level, Under these circumstances, two is- 

organization; i.e., in terms of lower-level entities that are referred 
to as components. Thus, while the dataflow and behavior style de- 
scriptions may be utilized either for an entity al the highest or 
lowest level of abstraction, the structural style of entity body is 
suited for describing a static hierarchical digital design. Consider 
the simple circuit in Fig. 3 and assume that it constitutes an entity 
named Simple-circuit with input ports labeled inl ,  in2, in3, and 
in4, and output port outl. Figures 4 through 6 present three dif- 
ferent entity bodies corresponding to the Simple-circuit. 

Figure 4 presents an entity body written in the behavior style. 
The use of the process clause forces all of the three statements to 
be executed sequentially. The process is triggered for execution 
when any of the input ports in1 through in4 receive a new value. 
First, thevariable temp1 receives an assignment followed by the 
variable temp2, and finally an assignment is made to the output 
port outl  after a delay of 10 ns. Clearly, a complete hardware sys- 
tem may be represented entirely as a behavior description. 

Although the Simple-circuit consists of three concurrent 
gates, the behavior description in Fig. 4 reflects a black-box rep- 
resentation with four inputs in1 through in4, a single output 
ou t l ,  and an  input-output functional relationship. The 
black-box is triggered for execution when any of the inputs 
change, since, in theory, a new value may be generated at the 
output. Thus, when the entity body "Behavior" is initiated for ex- 
ecution, it corresponds toaspecificvalue of simulation time, say 
TI. In the absence of any "wait" statement that suspends execu- 
tion, all of the statements in the entity body are assumed to exe- 

ther through a sequential or concurrent set of statements. Ac- 
cording to [91, a sequential representation is referred to as 
behavior. The concurrent set of statements of an entity body may 

- 

3. Modeling ( I  simple circuit in ,4DL1l~-SAl~LE, 

AND 
in1 
in2 
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cute instantaneously at the simulation time. Any signal 
assignment statement is also executed instantaneously, but the 
actual assignment of the value to the signal may be deferred. If 
the entity body contains a "wait," then all consecutive state- 
ments starting with the first one and up to "wait" are executed 
instantaneously, at the simulation time. Execution is suspended 
at the "wait,"and when the entity body resumes execution later 
at a different simulation time, say Tz, the statements following 
the "wait" and up to the subsequent "wait" are again executed in- 
stantaneously, corresponding to Tz. 

Consider the following scenario. Assume that new values are 
asserted at input ports in1 and in4 at times 0 and 10 ns, respec- 
tively. Assume further that new values are generated at the out- 
put port as a result of these input signals. The sequential process 
in Fig. 4 is initiated for execution at simulation time 0 ns since 
in1 is updated. Anew value is assigned to templ first, and then a 
new value is generated for the signal outl. The assignment to 
outl  is scheduled for 0 + 10 = 10 ns. Given that there are no activ- 
ities between the current simulation time and 10 ns, the sched- 
uler jumps the current simulation time to 10 ns. There are two 
activities-assigning the new value at outl  and re-initiating the 
entity body behavior for execution corresponding to the new sig- 
nal value at in4. The scheduler may choose to perform the two 
activities in any order. Consider that it completes the assign- 
ment to outl  first, assuming that it has not been pre-empted. 
When the process is executed for the current simulation time of 
10 ns, the new value at  input port in4 is consumed, a new value is 
asserted to temp2, and then the new value is scheduled for asser- 

architecture Behavior of Simple-circuit iS 
begin 

process ( inl, in2, in3, in4) 
varibale templ, temp2: BIT; 

begin 
temp1 : =  in1 and in2; 
temp2 : =  in3 and in4; 
outl <= temp1 or temp2 delay 10 ns; 

end process; 
end Behavior; 

4. A sequentiul behuuior entity body. 

signal netl, net2: BIT; 
begin 
L 1 :  net1 <= in1 and in2 after 5 ns; 
L Z :  net2 <= in3 and in4 after 5 ns; 
L3: outl c= net1 or net2 after 5 ns; 

.5. A concurrent dafatloiu entity body. 

architecture Structure of  Simple-circuit is 
component and2 

end component; 
component 012; 

end component; 

G1: and2 port map(in1, in2, netl); 
G 2 :  and2 port map(in3, in4. net2); 
G3: or2 port map(net1, net2, out); 

port (a,b: in BIT; c: out BIT); 

port (a,b: in BIT; c: out BIT); 

begin 

end architecture Structure; 

6. A concurrent structurul entity bo&. 

tion at outl  at  time 10 + 10 = 20 ns. When the scheduler ad- 
vances the current simulation time to 20 ns, it will perform the 
assertion at outl, assuming that it has not been pre-empted. Fig- 
ure 7(a) presents agraphical view ofthe activitiesas a function of 
simulation time. 

Figure 5 presents a dataflow description where all of the 
statements are concurrent: i.e. they may potentially execute si- 
multaneously. Thus, the order of occurrence of the statements is 
not important. Two internal signals, netl  and net2, are defined 
and the first two statements correspond to assignments to the 
internal signals. An assignment may be made to netl  when ei- 
ther in1 or in2, or both, experience a change. Similarly, when ei- 
ther in3 or in4, or both, are subject to change, an assignment to 
net2 is realized. An assignment is made to output port outl  when 
either of netl or net2 experiences a change in value. As with the 
behavior style description, a complete hardware system may be 
represented entirely as a dataflow description. 

Although every statement in the entity body is concurrent in 
theory, in practice, their execution is controlled by a single, cen- 
tralized scheduler. Thus, the implication of concurrency is se- 
verely diminished. The reason for the use of a centralized 
scheduler is to maintain consistency and guarantee correctness. 
In Fig. 5, the semantics of the statement at label L1 are that fol- 
lowing any change in in1 or in2, at a simulation time T ;  I an as- 
signment is scheduled to be asserted to netl  after a delay of 5 ns 
from Ti. Similar are the semantics of the statements at labels L2 
and L3. Assume that both L1 and L2 are executed at time 0. Thus, 
netl  and net2 are scheduled to receive new values at  0 t 5 = 5 ns 
and 0 + 5 = 5 ns, respectively. In the absence of external control, 
L3 may initiate its execution utilizing only the newly asserted 
value at netl,  although the correctness argument requires that 
updated values at both netl  and net2 at t = 5 ns must be consid- 
ered. As a result, execution of L3 may yield erroneous results. 
The role of the scheduler is to ensure that all updates to all sig- 
nals corresponding to a specific simulation time are completed 
before activities for a future simulation timestep are permitted. 
In Fig. 5, if L1, L2, and L3 are scheduled for activation at simula- 
tion times Ti, Tz, and T3, respectively, first the minimum of 
these time values Tmin is computed and then only the corre- 
sponding statement(s) is allowed to execute. Following its com- 
pletion, the minimum is computed again and only the 
corresponding statement(s) is permitted to execute, and this 
continues until there is no new activity. 

Consider that the entity body "Dataflow" is subject to the 
same input signals as with the sequential entity body '' Behav- 
ior."At simulation time 0 ns, the entity body is initiated for exe- 
cution. Only the statementat label L1 executessince in1 receives 
an update. As a result, a new value is scheduled for assertion on 
netl  at time 0 + 5 = 5 ns. The scheduler advances the current 
simulation time to 5 ns and completes the assignment to netl,  
assuming that it has not already been pre-empted. At this point, 
the entity body is initiated again and the statement at  label L3 is 
executed since netl  has received an update. Upon execution of 
L3, a new value is scheduled to be asserted to outl  at time 5 + 5 = 
10 ns. Next, the scheduler advances the current simulation time 
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to 10 ns. The entity body IS 

re-Initiated and the statement at 
label L2 is executed. As a result, 

sertion at  net2 at 10 + 5 = 15 ns. 
Also, the scheduler completes 
the assignment to outl  assum- 

tity, by definition, must be 

and concurrent. Yet, many of 

and semantics violate this basic 
premise. The IEEE Standard 
VHDL Language Reference 

A cardinal rule of language design is self-contained, Independent, 

anewvalue isscheduled for as- never t o  permit ambiguity. The VHDL VHDL'S syntactical construcLs 

- 
i n g  t h a t  i t  has  n o t  been  
pre-empted. The scheduler advances the current simulation 
time to 15 ns and completes the assignment to net2. The entity 
body is re-initiated and the statement at label L3 is executed. A 
new value is scheduled to be asserted at outl  at time 15 + 5 = 20 
ns. A pictorial view of the activities as a function of simulation 
time is shown in Fig. 7(b). The fact that the sequence ofactivities 
in Fig. 7(b) is more detailed than in Fig. 7(a) reflects the fact that 
the Dataflow entity body represents more details about the in- 
put-output function in contrast to the Behavior entity body. 

Figure 6 presents a structural entity body where a top-level 
entity may be expressed in terms of the lower-level constituent 
components. Since the components are in essence entities, they 
may, in turn, be expressed through behavior, dataflow, or struc- 
tural descriptions. Thus, the structural is the most general and 
versatile description and closely resembles the instantiation 
scheme inherent in ADLIB-SABLE and Ada as an HDL 1151. In 
Fig. 6, the Simple-circuit is expressed through three gates, G1, 
G2, and G3, that relate to two types of components-and2 and 
or2. Both and2 and or2 are entities with their respective entity 
bodies. In the structural description, first the entity declarations 
are re-stated and then the specific instances of the components 
are enumerated. The statements in the structural description 
are concurrent; i.e., the entity bodies corresponding to gates G 1  
through G3 may execute simultaneously, in principle. In prac- 
tice, however, the execution semantics are similar to that dis- 
cussed earlier for Fig. 5. 

The "VHDL Ent i ty as an Incomplete Entity 
and Difficulties with Concurrency 

Although VHDL employs the word entity to describe the basic 
hardware abstraction, its understanding of the underlying 
meaning of entity is incomplete and, in part, erroneous. An en- 

- -  
Manual 191 does not detail the 

characteristics of an entity. Even the article [ lo] in which the 
original VHDL architects introduce the core philosophy under- 
lying VHDL lacks any mention of the key characteristics of an 
entity. They defined a design entity to consist of an interface and 
one or more bodies, with the interface specifying the external 
characteristics of the entity and each body representing an alter- 
nate design approach consistent with those characteristics. 

For instance, the inclusion of global signals in a structure de- 
scription implies that there is an implicit connection of every 
component instantiated in the entity body. Since every compo- 
nent, in turn, is an entity, the notion of global signals contradicts 
the self-contained characteristic. By virtue of being a global sig- 
nal, any update to it by a component instance must be visible to 
all the component instances. This requires either every instance 
to have explicit communication with every other instance or a 
centralized agent to control the activities of all instances. Upon 
examination of a real hardware system, it is clear that the behav- 
ior of a hardware system is controlled only by those signals that 
are explicitly connected to it. In fact, there is no known way to 
design hardware without complete knowledge of all signals, 
whether input, output, or both input and output. 

The issue of global variables in dataflow and structure de- 
scriptions of entity bodies, labeled "shared" variables, pose the 
same problems as global signals. An added difficulty is that 
global variables not only require an immediate assignment, but 
that the updated value must be visible instantaneously to every 
entity or every concurrent statement. There is no known physi- 
cal system, let alone hardware, that can achieve these semantics. 
In essence, global variables do not reflect any aspect of hardware 
and do not belong in an HDL, even if they imply programming 
convenience. It must be remembered that VHDL is a hardware 
description language, not a programming language. The difti- 

Progress of Simulation Time 

New Signal Value at in1 
Entity Body Behavior is Initiated (a) 

New Output Asserted at outl 
New Signal Value at in4 New Output Asserted at outl 

(b) Statement at L1 is Executed Statement at L2 is Executed 
New Outwt Asserted at outl New Output Asserted at outl 

Statement at L3 is Executed Statement at L3 is Executed 

7 Timing of the execution enfitq bodies in VHDL 
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cultv with shared variables hds added fact that VHDL IS con- 

We recommend that delta delays be t r o l l e d  by a c e n t r a l i z e d  f inal ly  su r faced  in  t h e  
multi threaded implementa- scheduler relegates the effort of 
tions ofVHDL [19]. eliminated from VHDL. designing individual concur- 

Because it violates a bacic 
characteristic of entity, unlike 
the actual operation of the tdrget hardware system, VHDL de- 
scriptions of hardware modules, in their current form, may not 
be executed concurrently on a real parallel processor. 

The VHDL architects viewed VHDL as a total concurrent lan- 
guage and needed to invent a special mechanism (procesaj to al- 
low sequential statements Any statement, unless encapsulated 
within a process, is viewed ds a concurrent statement. Although 
the purpote is Lo reflect hardware that is basically a concurrent 
process, the purpose is easily achieved through the structure de- 
scription where the lower-level constituent components are, in 
turn, also entities. Conceptually, it is unclearwhether there is a 
unique role for dataflow desci iptions. Any concurrent statement 
in a dataflow description must reflect a hardware process at 
some level of abatraLtion and, if so, it may easily be represented 
as an entity At the pragmatic level, the individual concurrent 
statements in a dataflow description cannot be executed simul- 
taneously since they are too fine-grained, they are not self con- 
tained (I  e., they may depend on global varidbles and signals), 
and they do not necesgarily have theii own notion of time The 

rent statements even more un- 
necessary. Such redundancies 

and unnecessary constructs, especially, without clear justifica- 
tion of their purpose, tend to make VHDL bulky, slow in compi- 
lation and especially execution, unnecessarily complex, and 
difficult to learn. There is yet another reason for the problem of 
executing VMDL models in parallel, and it lies in the difficulty 
with algorithms for accurate, distributed event-driven simula- 
tion. The reader is referred to [ Z O ]  for more details. 

In the Ada [21] programming language, whose task concept 
constitutes the basis for the entity concept in VHDL, a task specifi- 
cation is first declared and then followed by a task body. While the 
declaration ties the task identifier name with the task, the task 
body contains the execution semantics. Ada requires that a task 
specification and the corresponding task body share the same 
identifier. Ada does permit the creation of instances of a task type, 
all ofwhich share the exact same task body. In contrast, in VHDL, 
any number of entity bodies, each different, may be associated 
with a single entity declaration. This is aviolation of requirement 
(5) in the DRFP that mandates that any Ada syntax, if  borrowed, 
must be adopted exactly. Furthermore, upon analysis, it is unclear 

- 

Set b , Q  

Reset , , Qb 

ST 

R. Port declarations in U VHDL entity. 
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as to the precise purpose and role of the entity declaration. In es- 
sence, an entity declaration enumerales the input, output, and 
bidirectional ports of an abstract hardware system. Clearly, the 
ports, by themselves, do not reflect the hardware system since a 
completely different hardware system may have identical input, 
output, and bidirectional ports. For instance, consider a 
two-inputAN1) gate andatwo-input ORgate. Exceptfor the differ- 
ent entity names, the corresponding entity declarations are indis- 
tinguishable and essentially convey nothing important. 

Consider an alternate strategy where the entity declarations 
of VHDL are eliminated and an entity is redefined to include the 
port descriptions, etc., as well as the body of the architecture. 
This newly defined entity is self-contained and one can synthe- 
size multiple instances of it, as necessary, similar to comptypes 
in ADLIR-SABLE. A convention is introduced to name the new 
entities as X-U, where X refers to the entity declaration andY the 
architecture in the current VHDL standard. Thus, the designer 
can immediately recognize that two entities ADDER-GATES 
and ADDER-BEHAVIOR both refer to the same abstract hard- 
ware system-an adder. The designer would also understand 
that the entities are two distinct realizations of the basic adder. 
In the current VIHDL, both the name in the entity declaration 
and the architecture identifier are required during static elabo- 
ration time. The result of this simplification would imply a sim- 
ple yet strongly justified VHDI, that would greatly facilitate 
quick and precise learning withoul sacrificing funclionality. 

Characteristics of VHDL Relative to  "Connectivity 
A given hardware system is represented in VHDL at the highest 
level through an entity. Where the description of the corre- 
sponding entity body is either a dataflow or a sequential process, 
no further lower-level composition details are available, imply- 
ing that the use of connectivity information is irrelevant. In coii- 
trast, when the body of the entity is expressed through structure 
(i.e., through components, that are, in turn, defined as entities), 
the binding of the "formal" ports of the components to the "ac- 
tual" ports of the higher-level entity constitutes Connectivity. In 
VHDL, the connectivity is achieved implicitly (i.e., by matching 
the formal with the actual parameters). unlike in ADLIB-SABLE 

where the user develops an explicit SDL program or in Ada as an 
HDL where the user synthesizes an explicit interconnection da- 
tahase. Thus, VHDL serves as a vehicle to both represent hard- 
ware behavior and express connectivity. 

Consider the Simple-circuit in Fig. 3 and observe the con- 
nectivity description inVHD1,as presented in Fig. 6. The highest 
level of abstraction in VI-IDL is the tuple (Simple-circuit, Struc- 
ture]. In Fig. 6, the fact that the port identifiers"netl"and"net2" 
occur in the port maps of G1, G2, and G3 constitutes an implicit 
connection between G 1  and G3, and G2 and G3. The primary in- 
pu t  and ou tpu t  por t s  deserve different t r ea tmen t  in  
ADLIB-SABLE, Ada as an HDL, and VHDL. 

The Difficulty with "Connectivity in VHDL 
Unlilte in ADLIB-SABLE and Ada as an HDL, where the nets inter- 
connecting the hardware modules are explicitly stated, in VHDL 
the nets are implied. Anet is a physical wire(s) and the explicit style 
is a natural way of specifying the conneclivity. In addition, a poten- 
tial advantage of the explicit style may be in allowing the designer to 
specify its electrical characteristics and other relevant properties. 

In virtually every HDL, the ports are specified as either input, 
output, or bidirectional. This is logical, natural, and based on 
our current knowledge, one cannot design hardware with any 
different kind of port. Yet, VIlDL proposes the use of buffer as a 
port type without carefully justifying the need. Consider an RS 
latch at two levels of abstraction-behavior and structure, as 
shown in Figs. 8(a) and 8(b), respectively. 

As required in VIIDL, an entity declaration must be synthe- 
sized for the RS latch. While the ports Set and Reset are unmistak- 
ably of the input or "in" mode, there is confusion with the ports Q 
and Qb. Although, logically, they must be of mode "out," in the 
hook titled VHDL, the author I161 states that Q and Qp must be of 
mode "buffer" and argues the following. The port Q of the entity 
declaration must be mapped on to the struclure level, where Q is 
both an input to one of the two NAND gates and an output from 
the other NAND gate. Since labeling them as "inout" is likely to be 
viewed as an outright contradiction of common knowledge, Q and 
Qh are labeled as mode buffer. This is consistent with the VHDL 
semantics that mandate that a formal parameter (in this case, the 
ports of the NAND gates) of mode "in" may be mapped only onto 
an actual parameter (in this case, the ports of the entity declara- 
tion latch) of modes "in," "inout," or "buffer," Figure 9 presents 
the code segment. In another book, titled A Guide to VHDL, the 
authors Mazor and Longstraat [171 characterize the ports 4 and 
Qb of mode "inoul" as shown in Fig. 10. 

While the use of mode "inout" for Q and Qh in Fig. 10 is 
clearly wrong, the use of buffer in Fig. 9 is unjustified. The rea- 

entity rsff is 

end rsff; 

architecture netlist of rsff is 

port (set, reset: in BIT; q, qb: buffer B I T ) ;  

rnmnnnrnt nand? 
I I 

~ ~ . . . ~  ....-. ~. ~ 

Dart (a, b: in BIT; c: out BIT); 
end component; 
Begin 

U 1 :  nand2 port map (set, qb, q ) ;  
U 2 :  nand2 port map (reset, q,  qb); 

End netlist: 
son for this confusion and ambiguity clearly rests on the shoul- 
ders of the VHDL architects. A cardinal rule of language design is 
never to permit ambiguity. The VHDL DRlY had reiterated it in 
mandate (I). A number of issues are raised through this sce- 
nario. First, the ports Q and Qb ofa RS latch are clearly outputs, 
and there should simply be no questions about it. Regardless of 
its reasons, VHDI, cannot require designers to specify Q and Qh 
as anything hut of mode "out." 

9. Entity declurutions for un RS lutch in the book VHDI,. 

entity rsff is 

end rsff; 
port (set, reset: in BIT; q, qb: inout BIT); 

IO. Entitq declurutions for on RS latch in the book A Guide to VHDI,. 
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I L1: S1 <= 1 after 10 ns; 
L2: 5 2  <= 1 transport after 10 ns; I 

uniquely and correctly, independent of the 

11. Delays in IfHDL. 

1 SEVERITY ERROR; 

L1: wait on clock; 
L2: wait until clock = '1'; 
L3: wait f o r  10 ns: 

22. Syntactical usage ofwaif  in VHDL. 

Second, an entity declaration, according to VHDL, is ex- 
pected to define a high-level interface that is not only applicable 
to any architecture body, but is independent of the lower-level 
details. While the issue of "buffer"vs. "inout" is raised when the 
architecture is of type structure, it would not have been raised 
for an architecture of type behavior. In the behavior architec- 
ture, the state vector of the latch would be encapsulated through 
avariable. Thus, VHDL's objectives are self-contradictory. Third, 
this scenario further strengthens the criticism that the notion of 
entity declaration has been borrowed from Ada without fully un- 
derstanding its role and purpose in VHDL. Fourth, VHDL's pro- 
posal of "buffer" as a mode is unnatural in actual hardware 
systems and leaves the designers vulnerable and confused. 

The VHDL language reference manual forbids a formal 
"in" port to be connected to an actual "out" port. This is un- 
derstandable since such a mapping will leave the input port of 
the lower-level component undefined. However, such a re- 
striction is unnecessary and harmful since one may encoun- 
ter a formal "in" port connected to a formal "out" port and an 
actual "out" port, as is the case with the latch. Such types of 
connections are absolutely correct and ubiquitous in hard- 
ware, and VHDL cannot treat them as illegal. The VHDL com- 
piler must check to verify that whenever a formal "in" port is 
connected to an actual "out" port, there is also a connection 
witha formal "out" port. Ironically, according to the language 
reference manual, such a checking is done in VHDL anyway 
whenever "buffer" mode is used to ensure 
that there is a single driving source. There- 
fore, a t  any given level of abstraction in the 
design hierarchy, the ports must be defined 

scheduled to be asserted at S at time (T + 10) ns. Unlike 
ADLIB-SABLE, which implements a simple anticipatory schedul- 
ing, the current VHDL IEEE Standard 1076-1993 proposes two 
different types of delays-inertial and transport, to address iner- 
tial delays found in digital devices and line delays associated with 
buses in digital systems. For accuracy in the simulation results, 
the VHDL simulator also implements the pre-emptive semantics 
for the inertial delays. Thus, VHDL achieves the timing accuracy 
described in Ada as an HDL while utilizing explicit timing con- 
structs as in ADLIB-SABLE [22] to facilitate ease of comprehen- 
sion among designers. 

The statements corresponding to the labels L1 and L2 in Fig- 
ure 11 reflect inertial and transport delays. Under inertial delays, 
the assignment of 1 to signal SI may not ultimately be realized 
due to pre-emption by a more recent assignment. In contrast, 
nothing can prevent the assertion of 1 to the signal S2 at 10 ns 
beyond the current simulation time. 

Wait Statements. A key to VHDL's capability of describing 
asynchronous interactions lies in its design of the "wait" con- 
struct that is inspired by the "waitfor" construct ofADLIB-SABLE. 
Clearly, the goal of wait is to suspend the sequential execution of 
an entity until a specific timing condition is satisfied. 

Figure 12 presents three different syntactical uses of wait. 
Under label L1, the statement waits until the signal clock is sub- 
ject to an event. The statement at label L2 pauses until the value 
of the clock signal changes to 1. Last, the statement at label L3 
suspends the sequential execution for 10 ns from the current 
simulation time and resumes the execution of the subsequent 
sequential statements thereafter. 

Timing Assertions. Unlike ADLIE-SABLE and Ada as an 
HDL, where the synthesis of the timing assertions is complex 
and nonintuitive to the designer, the VHDL design includes ele- 
gant language constructs to check for timing assertions. While 
the timing assertions in DABL are perhaps more straightfovMiard 
and easily noticed in that they are declared up front within the 

Process (Clk) 
L1: if (Clk= ' 0 '  and Clk'EVENTl 
L 2 :  ASSERT (Clk'LAST-EVENT >= clock-high-width) 

REPORT "Minimum clock high width violated" 

lower-level implementation. 

Characteristics of VHOL 
Relative t o  "Timing" 

To achieve the timing description of both 
synchronous and asynchronous hardware 
systems, VHDL utilizes signal assignment 
statements, wait statements for synchroniz- 
ing between signals, and timing assertions. 

Signal Assignments. A signal assignment 
statement assumes the form, "S <= 1 after 10 
ns;" where S represents a signal of a specific 
data type, integer in this case, and, upon exe- 
cution at the current simulation time T, a 1 is 

L3: if (Clk = '1' and Clk'EVENT) THEN 
L4: Qout <= Din after propagation-delay; 

L 5 :  ASSERT (Clk'LAST-EVENT >= clock-low-width) 
REPORT "Minimum clock low width violated" 
SEVERITY ERROR; 

L 6 :  ASSERT (not Din'EVENT) and (Din'LAST-EVENT >= setup-delay) 
REPORT "Setup violation" 
SEVERITY ERROR; 

end i f ;  

L 7 :  wait for hold-delay; 

LE: ASSERT (Din'Stable(hold-delay)) 
REPORT "Hold violation" 
SEVERITY ERROR; 

. . .  
end process; 

1.7. Synthesisitiny timing assertions in VHDL. 
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behavior model, the ability to the entity body for hold-delay 

Knowledge of the transactions may t imeuni t sandal lows  thesirnu- access the history of signals in 
VHDL and to  comparatively 
evaluate their relative timing 
provides greater flexibility to 
the designer, not only to verify 

lation scheduler to advance the 
current simulation time. When 
the entity body is re-initiated, 
the statement at label L8 exam- 

help greatly in debugging VHDL 
programs and in verifying the 

the timingassertions but also to correctness of the 
describe the timing behavior 
more intuitively. 

The key attributes of signals include 'EVENT, 'LAST-VALUE, 
'LAST-EVENT, 'STABLE(T), and 'DELAYED(T). For a given sig- 
nal S, the operation S'EVENT returns true ifS is subject to a 
transition at the current simulation time. The operation 
§'LAST-EVENT returns the elapsed simulation time, relative to 
the current simulation time, since the most recent transition of 
S.  Even where S'EVENT is true, the S'LAST-EVENT returns the 
time interval between the current simulation time and the time 
of the previous transition of S .  The operation S'LAST-VALUE re- 
turns the previous signal value prior to the current value of S. 
The operation S'STABLI':(T) is designed lo  accept a time interval 
Tas an argument and determinewhether S incurs no transitions 
in the interval-(NOW, NOW-T), where NOW refers to the cur- 
rent simulation time. The operation returns a synthesized signal 
of duration T, starting at the current simulation time and ex- 
tending toward the past. It has a true value when S lacks transi- 
tions in the interval T and false otherwise. The operation 
S'DELAYED(T) accepts a time interval Tas an argument and re- 
turns a new signal that is delayed by T ,  relative to the original sig- 
nal S. Since S is known with certainty from the origin, i.e., 0 
simulation time, up to the current simulation time, the new sig- 
nal is defined from 0 + T = T time units up to (current simulation 
time + 7') time units. Clearly, the aim of this operation is to per- 
mit the user to view and manipulate the past behavior of S ,  be- 
yond the last event, information on which may be obtained 
through the S'LAST-EVENT and S'LAST-VALUE attributes. It is 
critical to note that, at the current simulation time, the newly 
synthesized signal cannot offer the user a view into the (uture; 
i.e., beyond the current simulation time. It is also important to 
note that if the new signal is synthesized solely for the purpose of 
verifying timing relationships, it may not correspond to reality, 
and the VHDL description may be viewed as unnatural and 
nonintuitive. 

Figure 13 presents the synthesis of timing assertions in 
VHDL for the four types of timing checks usually encountered 
in flip-flops and representative of timing checks in hardware 
systems. The statements at labels L2 and 1 5  verify that the high 
and low durations of the clock pulse meet the minimum re- 
quirements. The statement at L4 reflects the actual function of 
the flip-flop. The statement at label L6 verifies the setup re- 
quirement. The current simulation time (or NOW) is advanced 
to the positive clock edge and the state of the Din input between 
NOW and setup-delay time units prior to NOW is examined. 
The verification of hold time cannot be accomplished at NOW 
since it requires the examination of the state Din hold-delay 
time units into the future. The statement at label L7 suspends 

-.:.. ..=- - ,.. # . . ,,.. 

VHDL environment. 
I condition is satisfied. 

ines the state of Din signal to 
determine whether the hold 

Timing Inadequacies in VHDL 
Difficulties with the Delta Delays. According to the original 

VHDL architects [IO], VHDLs model of time is derived from the 
BCL time model in Conlan [SI. In the BCL time model, the real 
time is organized into discrete instants separated by a single 
time unit and the beginning of each time unit containsan indefi- 
nite number of computation "steps" identified with integers 
greater than zero. The discrete instants and computation steps 
correspond to the macro- and a micro-time scale in VHDL. 

The BCL time model poses several conceptual difficulties. 
First, given that a host computer is a discrete digital system, it 
cannot accommodate an indefinite number of steps within a fi-  
nite time unit. Second, although the individual computation 
"steps" must imply some hardware operation, they do not corre- 
spond to discrete time instants, which are utilized by the under- 
lying discrete event simulator to schedule and execute the 
hardware operations. Thus, the computation "steps" may not be 
executed by the simulator and, as a result, they may not serve any 
useful purpose. It is also noted that, fundamentally, in any dis- 
crete event simulation, the timestep or the smallest unit 
through which the simulation proceeds is determined by the 
fastest subsystem or process. For accuracy, this requirement is 
absolute. Assume that this timestep is Tm. If, instead of Tm, a 
timestep Tis used deliberately (T> Tm), the contributions ofthe 
fastest subsystem or process cannot be captured in the simula- 
tion, leading to errors in interactions, and eventually incorrect 
results. Third, the dual time scales implied by the BCL model are 
iinconsistent with the concept of universal time, explained ear- 
lier in this article. 

A manifestation of the macro- and micro-time scales in 
VHDL is the notion of delta delays. In theory, VHDL allows signal 
assignments with zero delays; i.e., the value is assigned to the 
signal in zero macro-time units but some finite, delta, mi- 
cro-time units. The actual value of delta is inserted by the VHDL 

i compiler, transparent to the user. 
1 The first difficultywith delta delay is that the VHDL language 
i reference manual [9] does not state how a value for the delta is 

selected. This is an important question since VIIDL may return 
different results corresponding to different choices of the delta, 
as illustrated through Fig. 14. 1 Figure 14 presents a signal waveform. Assume that the value I of delta is 1 ps. When the current simulation time is either I ns or 
2 ns, VHDL safely returns the value 0 for the signal value. How- 
ever, where the delta value is 5 ps, VHDL will return the value 0 
corresponding to the current simulation time of 2 ns but fail to 
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return a definite value corresponding to the current simulation 
time of 1 ns. Since the signal waveform is realized at runtime 
(i.e., as the entities execute during simulation) and as the VHDL 
compiler must select avalue for the delta delay at compile time, 
it is difficult to ensure the absence of ambiguous results. 

The second difficulty is that, fundamentally, any attempt to 
simulate an asynchronous circuit with zero-delay components, 
under discrete event simulation, is likely to lead into ambiguity. 
In its aim to simulate digital designs with zero-delay compo- 
nents through delta delays, VHDL incurs the same limitation. 
Consider. for example, the RS latch in Fig. 8(b) and assume that 
both NANDs are 0 ns delay gates and that they execute concur- 
rently in a VHDL structural description. Assume that the initial 
value at Q and Qb are both 1 and that the values at set and reset 
input ports are both 1. At simulation time 0, both gates execute 
and generate the followingassignments: (1) avalue 0 is assigned 
at  Q at time 0 + 0 = 0 ns and (2) a value 0 is assigned at Qb at time 
0 + 0 = 0 ns. Assume that there is a race between (I) and (2) and 
that (1) is executed infinitesimally earlier. As a result, the lower 
NAND gate is stimulated and it generates an assignment: (3)  a 
value 1 is assigned at  Qb at  0 + 0 = 0 ns. Upon examining (2) and 
(3), both assignments are scheduled to affect the same port, Qb, 

Simulation Time (ns) 

14. Impact o f  the choice o f  delta uulue on simulution results. 

architecture X of Y is 

begin 
signal a, b: resolve BIT . .  ; 
PROC1; process 
variable c: int: 
begin 

for i in 0 to 1000 loop 
S1:  a <= b + c ;  
52: b <= a + c; 

end loop; 
end process; 

PROC2: process 
variable d: int; 
begin 

for i in 0 to 7 loop 
S 3 :  a <= b + d ;  
5 4 :  b <= a + d; 

end loop; 
end process; 

end X ;  

15. An inconsistency with delta delays in VHDL. 
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at the same exact time, 0 ns, one armed with a “0” and another 
armed with a value “I.” 

The third difficulty is that one can construct any number of 
example scenarios in VHDL where the result is inconsistency 
and error. Consider the process, PROC1, shown in Fig. 15. While 
not critical to this discussion, it is pointed out that PROCl does 
not include a sensitivity list, which is permitted by the VHDL 
language [9].Asan exampleofusage ofaprocesswithout asensi- 
tivity list, the reader is referred to page 57 of [SI. 

The statements SI and S2 are both zero-delay signal assign- 
ments. While S1 updates the signal “a” using the value of signal 
“b” and the variable “c,” the statement S2 updates the signal “ b  
using the value of the signal “a” and the variable “c.” To prevent 
ambiguity of assignments to the signals “a” and “b,” the VHDL 
compiler inserts, at compile time, a delta delay of value deltal, 
say, to each of S1 and SZ. Thus, SI is modified to a < = b + c after 
deltal, and S2 is modified to b <= a + c after deltal. For every it- 
eration, the subsequenL assignments to “a” and “b” are realized 
in increments ofdeltal. That is, first (NOW + deltal), then (NOW 
+ deltal + deltal), and so on. These are the micro-time steps in 
the micro-time scale and we will refer to them as delta points. 
Between the two consecutive macro-time steps, the VHDL 
scheduler may only allocate a maximum but finite number of 
delta points, which is a compile-time decision. Conceivably, the 
designer may choose a value for the number of iterations such 
that, eventually, the VIiDL scheduler runs out of delta points. 
IJnder these circumstances, VHDLwill fail. Thus, the idea of sig- 
nal deltas, transparent to the user, is not able to be implemented. 

Fourth, the notion of delta delay, in its current form, poses a 
serious inconsistency with VHDL’s design philosophy of 
concurrency. Consider Fig. 15, where the processes PROCl and 
PROCZ, by definition, are concurrent with respect to one other. 
The two sets of statements--(Sl,S2) in PROCl and (S3,S4) in 
PROC2-both affect the signals “a” and “b” and “resolve” consti- 
tutes the resolution function, as required by VHDL. The state- 
ments S1, S2, S3, and S4 are all zero-delay signal assignments, 
so delta delays must be invoked by the VHDL compiler. Since the 
dynamic execution behavior of processes are unknown a priori, 
the VIIUI, compiler may face difficulty in choosing appropriate 
values for the delta delay in each of the processes. In this exam- 
ple, however, logically, the VHDL compiler is likely to assign a 
very small value for the delta delay (say deltal) in PROC1, given 
that it has to accommodate 1001 delta points. In contrast, the 
VHDL compiler may assign a modest value for the delta delay 
(say delta2 where delta2 > deltal) in PROCZ, given that only 8 
delta points need to be accommodated. As stated earlier, assign- 
ments to thesignals“a”and”b”will occur from withinPROCl at 
(NOW + deltal), (NOW + deltal + deltal), and so on. From 
within PROCZ, assignments to the signals “a” and “b” will occur 
at (NOW + delta2), (NOW + delta2 + deltaZ), etc. By definition, a 
resolution function resolves the values assigned to a signal by 
two or more drivers at the same instant. Therefore, here “re- 
solve”wil1 beinvoltedonlywhen (NOW+ mxdeltal) = (NOW+ n 
x deltaz), for some integer values “m” and “n.” In all other cases, 
assignments to the signals “a” and “b” will occur either from 
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within PROCl or PROCI. Thus, 
the values of the signals ('a" and 
"b," from the perspectives of 
processes PROCl and PROCI, 
are uncoordinated, implying 
ambiguity and error. 

In summary, the desire to use 

LAST-EVENT, a n d  LAST- 

LAYED operator does possess a 
unique capability in that it al- 
lows the designer to view into a 
signal's history to any point in 
the past, up to the origin. Perry 

While a significant body of VHDL VALUE-areadequate.TheDE- 

reflects elegant design, i t  suffers 

describing a hierarchical digital design in VHDL. The descrip- 
tion is expressed in terms of lower-level component instances, 
and components, in turn, are entities with the corresponding 
entity bodies assuming either dataflow, behavioral, or structural 
descriptions. Consider that in VHDL, the highest level of ab- 
straction is expressed as an entity named microprocessor. The 
entity body of microprocessor is described in structure style that 
includes a declaration of the components-register, memory, 

' 

zero-delay assignments necessi- 
tates the inclusion of delta delays in VHDL. In turn, delta delays 
foster ambiguity, uncertainty, and provide a false sense of accu- 
racy under zero-delay assignment usage. We recommend that 
delta delays be eliminated from VHDL and that designers first de- 
termine the universal time for a given hardware system and then 
utilize realistic inertial and transport delay values, as appropriate, 
in the VHDL description of the hardware modules. The WDL 
scheduler has been carefully designed to ensure the accurate de- 
scription of realistic hardware descriptions. Last, the synthesis 
tools must be enhanced to accept realistic VHDL descriptions. 

Inadequacy of the Transport Timing Delay. The difficulty 
with the transport timing delay semantics is a serious one and is 
addressed in [13] in detail. 

Limitations of Signal Attributes. The primary goal of the sig- 
nal attributes is to facilitate specifying the timing assertions in 
hardware systems accurately, unambiguously, and easily. If one 
or more oi the attributes assist in simplifying timing descrip- 
tions, that would he an added bonus. Timing assertions may in- 
volve examining the high or low pulsewidth of a single signal or 
the relative timing between two or more signals. In either case, 
what is required is access to the values and the assertion times of 
the values of the signals. VI-IDL does provide the value of a signal 
at the current simulation time. I t  is pointed out that a signal 
contains only the history of values and times from the origin to 
the current simulation time. What would have been ideal is for 
VHDL to have designed an attribute function that would accept a 
past time value T as an argument and yield the logical value of 
the signal under question corresponding to T. To a designer, 
such an attribute would have constituted a natural scheme to 
view into the history of signals. 

According to theVHIlL language reference manual, the oper- 
ation S'STABLE(T) involves the STABLE attribute, accepts a 
time value T ,  and returns a signal whose value is either true or 
false, depending on whether any events have occurred on signal 
S i n  the past ?'time units starting at the current simulation time. 
In essence, S'S'I'ABLE(T) yields a single value. Therefore, to label 
it a signal appears unnecessary. 

In essence, the S'UELAY\YED(T) operation, as discussed ear- 
lier, allows the designer to view into the past behavior of the 
signal, for an interval of T time units, starting at the current 
simulation time. Clearly, the synthesis of the new signal 
S'I)ELAYED(T) occurs at runtime and is very time consuming 
since it requires examining the history of the signal from the 
origin simulation time to the current simulation time and 
their manipulation. For the purpose of checking the represen- 
tative timing assertions, the DELAYED operator appears to be 
redundant. As discussed earlier, the operators-STABLE(T), 
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1161 proposes a technique to 
verify the hold time of a D-type flip-flop, utilizing the DE- 
LAYED attribute. He delays the clock signal by hold time and 
utilizes it to activate a process hold time units into the futyre, 
relative to the current simulation time. The process verifies 
whether the value on the D input is stable for hold time upits 
following the active clock edge. While perfectly legitimate, the 
solution requires the compute- and memory-intensive opera- 
tion involving the DELAYED operator. In essence, the DE- 
LAYED operator allows for projecting a reference point in,the 
future. When the simulation time has advanced in the future to 
the reference point, target signals, etc., may he examined. This 
scheme is unnatural for the following reason. If one want$ to 
project a reference point in the future, one uses a timer in a 
hardware system. A sequential behavior description cannot 
model a timer since, by definition, a timer is concurrent. The 
goal, however, is correctly and easily realized by simply sus- 
pending the behavior description by executing a wait for T time 
units, at the end of which the description is reawakened. 

A number of signal attributes-'ACTIVE, 'LAST-ACTIVE, 
'QUIET(T), 'TRANSACTION(T), etc.-are included in VHDL to 
allow a designer to view the transactions. By definition, trans- 
actions are uncertain, for they may he pre-empted. Therefore, it 
appears unnatural for VHDL to include such attributes. Also, 
one has to be very careful when interpreting such results, since 
they are subject to change due to pre-emption. Since the total 
number of transactions may he significantly larger than the to- 
tal number of events, operations such as S'QUIET(T) and 
S"IRANSACTION(T) are expected to be even more compute- 
and memory-intensive. Clearly, knowledge of the transactions 
may help greatly in debugging VHDL programs and inverifying 
the correctness of the VHDL environment. VHDL would be 
better served if such attributes were either invoked only under 
a special compilation and execution mode, say debugging, or 
removed from the language and placed under the VHDL simu- 
lation environment. 



along with the appropriate port map. Associated with each of 
register, memory, ALLI, control, and program counter, in turn, 
are entity declarations and the corresponding entity bodies. The 
entity body ofALU is again expressed as a structure that includes 
a declaration of the component-adder, and its instantiation 
with the appropriate port map. Associated with adder is an entity 
declaration and the corresponding entity body is again described 
through a structure that includes a declaration of the compo- 
nents-primitive gates-and their instantiation accompanied 
by port maps. Associated with the primitive gates are entities. 
Since the gates lack further structural decomposition, the corre- 
sponding entity bodies must be expressed either as dataflow or 
behavior descriptions. 

Limitations of Hierarchy in VHDL 
Since VHDL is designed on top of Ada and since the constructs in 
Ada are rich enough to support selective elaboration of subsets of 
the hierarchy at runtime, as illustrated in [15], it is logical to ex- 
pect the state-of-the-art VHDL to address the conceptofzooming. 

Conclusions 
This article has presented a set of fundamental principles under- 
lying HDLs and has critically analyzed VHDL, which is the lead- 
ing HDL. While a significant body of VIHDL reflects elegant 
design, it suffers from a number of serious flaws. The sugges- 
tions provided in this article for modifications to key syntactic 
and semantic constructs ofVHDL will help ensure its continued 
success as the state-of-the-art HDL into the next century. HDLs 
are the key to understanding computer hardware and software 
and are involved from the conception of any new computer or 
hardware design to the final implementation and testing of the 
IC. A systematic, comprehensive, elaborate, and detailed discus- 
sion of the necessary VHDL language redesign efforts, however, 
is the subject of a future paper. 

Sumit Ghosh currently serves as the associate chair for research 
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