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Abstract 

 

Complex computer systems can no longer be effectively 
designed without some consideration of the interaction of the 
hardware and software domains. Language-based behavioral 
speciÞcation for both simulation and synthesis in the hardware 
domain has made it possible to consider common models of 
computer system behavior with domain-speciÞc inferences on 
the physical means of implementing the behavior. A dual com-
putation modeling analogy is drawn for illustrating physical 
modeling inferences that overlap each domain and those 
which differ from domain to domain. The dual analogy illus-
trates the importance of preserving semantics of hardware and 
software modeling in separate languages. Peer-based co-exe-
cution of behavior speciÞed in both modeling domains is pos-
sible because of reasoning about the interaction of the 
computation and state resources that are implied by modeling 
in each domain. We are uniting two existing hardware and 
software languages, Verilog and C using pthreads for an exe-
cutable co-speciÞcation. We illustrate our approach with 
examples of our cosimulator.

 

1. Introduction

 

The complete description of computer systems requires a mix 
of hardware and software models. Although the hardware and 
software modeling domains have similar language-based 
means for behavioral modeling, there are very different impli-
cations on the physical means of implementing the behavior. 
Our view of a computer system modeling is as a collection of 
executing behaviors which may be described in either the 
hardware or software domains. Since the hardware and soft-
ware domains are both used to describe the execution model of 
the computer system, the domains must interact. The most 
appropriate basis for interaction of the domains is with respect 
to the physical modeling inferred by the behavior.

This paper describes two related approaches for obtaining an 
executable co-speciÞcation for the description of arbitrarily 
complex computer systems using the existing languages C 
(using pthreads [1] for multithreading) and Verilog [2]: dual 
models and peer execution. Dual models draw on an analogy 
from systems modeling and allow the modeling domains to be 
understood on the basis of the physical resource implications 
of a common set of behavior. Peer-execution is a result of an 
analysis of the language overlap in modeling already present 
in each domain with respect to physical modeling. 

Our approach is to Þrst understand the basic essence of hard-
ware and software models and their relationship to computer 
systems modeling. Instead of limiting one to Þt the conÞnes of 
the other, we take a peer-based approach. This raises the 

impact of our work from traditional codesign or embedded 
system design to that of computer system modeling and 
design.

By establishing peer execution of the domains, we bring the 
modeling capabilities of each domain to the same conceptual 
level of physical system modeling. Hardware and software 
models both perform digital computation on current state and 
inputs, producing a new current state and outputs. The primary 
differences in the way hardware and software languages 
advance state can be understood with respect to the way each 
domain models resources. We describe physical models that 
are inferred by modeling in each domain as state resources and 
computation resources. These serve to distinguish the physical 
models each domain represents in addition to providing a 
common physical basis by which the domains may be merged.

In contrast to peer execution, current co-simulation systems 
typically allow software function calls from a hardware simu-
lator to model the software partition [3], where the software 
functionality must be deÞned in terms of the hardware and its 
simulator. This only provides co-veriÞcation near the comple-
tion of a relatively small scale design; it does not address the 
basic essence of modeling in each domain. Further, our 
approach extends previous work such as [4,5] in that it does 
not require processor models or instruction set emulators. We 
believe our view of peer execution of the domains is unique 
[6]. The range of modeling in the software domain in our peer-
based execution model is not restricted and can accommodate 
data-intensive modeling, and multithreaded shared memory 
communications in contrast to [7]. 

The fundamental physical modeling difference between the 
domains is that hardware is an unbounded resource model of 
computation which is described using a Þxed amount of state 
while software as an unbounded state model executing on a 
bounded resource. This observation motivates the types of 
physical systems that can be described by modeling in each 
domain and forms the basis a given behavior or set of behav-
iors in each domain as dual physical system representations. 

This paper begins with an examination of the physical state 
and computation resources inferred by the models in each 
domain. The physical resource models provide the basis for 
establishing a peer-based executable co-speciÞcation modeled 
on interacting computational resources from both domains. 
Next, we describe the common models of physical resources 
currently available in language models in each domain, which 
forms the basis of language-based overlap. Then we consider 
some situations which are more suitable for modeling in one 
domain or the other and which illustrate the necessity to cap-
ture the full range of modeling currently available in computer 
systems in separate, co-executing languages. We conclude 
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with results from our peer-based executable co-simulator, 
which utilizes a shared memory uniÞed multithreading model 
of computation.

 

2. State Resources

 

Any model for comprehensive system level design must dif-
ferentiate system state as hardware state, software state, or 
shared state in a single execution model. The state in a soft-
ware program is modeled by program memory, while the state 
in a hardware system is contained in registers and on wires 
interconnecting non-zero delay combinational elements. Since 
our goal is to allow for both hardware and software descrip-
tions to execute within a simulation, this section will contrast 
these different models of memory with an eye toward under-
standing their commonality.

Software state is theoretically inÞnite as described by a Turing 
Machine (TM) model of computation. Pointers, dynamic 
memory allocation (and de-allocation), and nested function 
calls that save state on a stack are all drawn from a TM model 
of computation in which memory size is not considered to be 
Þnite in the speciÞcation of the computation. Additionally, 
multithreaded software descriptions allow the dynamic cre-
ation of threads in an unbounded fashion. 

In Figure 1, the rectangular boxes represent state in either the 
hardware or software domain and the arrows illustrate updat-
ing of new state. The ÒunboundednessÓ or dynamic size to sys-

tem state is indicated with dashes at the bottom of Figure 1. 
(Since all computer systems are physically Þnite, unbounded 
TM models of system state requires software computation 
speciÞcations to be Òwell behavedÓ in not exceeding the true 
limits of the system.) 

Hardware state is completely speciÞed in the hardware 
description using Þnite state machine (FSM) models. Since it 
is Þnite, it neither grows nor shrinks as a result of the execu-
tion. Wires which interconnect non-zero delay combinational 
blocks imply storage because of the physical delay property of 
a hardware description. As such, the boxes of Figure 1 also 
represent state on wires.

The arrows in the Þgure illustrates two methods of state 
update. Hardware implicitly updates state based on combina-
tional logic and wire models as illustrated by the arrows on the 
right-hand side of the Þgure. Parallel updates, illustrated on 

the left-hand side, synchronize to a clock. These are a result of 
hardwareÕs structural model of computational resources which 
contrast to softwareÕs explicit asynchronous updates. Software 
architects have tried to apply structural terminology in the 
design of software components [8,9]. However, software com-
ponents are a software reuse technology and, in contrast to 
hardware models, do not bring parallelism or resource models 
to a software description. 

In a hardware simulation, all state required to support the lan-
guage semantic of the hardware description and model the 
state of the hardware system is in the memory of the computer 
platform executing the simulation. While there is a notion of 
global state update on a synchronous clock edge in a hardware 
description, there is no notion of global state addressability in 
hardware. A software model of computation infers access to a 
global unbounded addressable memory resource but without 
global state update. A mixed executable co-speciÞcation that 
utilizes a hardware simulation affords the possibility of con-
sidering all of the mixed hardware and software system state 
as addressable in a common, shared address space with glo-
bally synchronous updates.

The simulation aspect of physical state modeling is an impor-
tant distinction in differentiating the modeling domains. Con-
trol over simulation time allows multiple memory locations to 
be updated in the same virtual time. By coordinating the inter-
action of dynamic, addressable memory access with simu-
lated, synchronous access, it is possible to reason about all of 
the state in a peer-based executable co-speciÞcation as repre-
senting system state, with differentiation of hardware, soft-
ware and shared state implied by the means of accessing the 
state resource. 

 

3. Computation Resources

 

When a software program executes on a CPU, the program 
executes on a resource. The addition of lines of code to the 
program (i.e., added complexity) does not add computational 
resources to the system. Rather, we say that the software con-
Þgures (through programming) a given resource to execute the 
speciÞed function. 

Multithreading is a shared-memory model of concurrency 
allowing a computation to be described in a concurrent fash-
ion. The addition of software threads to an already-threaded 
program does not add computational resource to the system. 
While a software thread may allow for parallel execution if 
resources are available, the software multithreading model is 
one of allowing shared access to a limited resource, whether 
the resource is a CPU or shared system state.

In contrast, behavior in the hardware domain speciÞes the 
resources required to carry out the computation. Behavior in a 
hardware language is speciÞed in threads Ñ e.g., an always 
block in Verilog. Adding a thread of behavior to a hardware 
description adds the resources to the system necessary to carry 
out the computation. That is, a new component or module 
appears; the resources are determined by the speciÞcation. 
Hardware resources do not shrink or grow as a result of the 
execution of a computation. However, there is no conceptual 
limit to the amount of resources that can be added to a system 
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 Figure 1   Mixed Domain State Modeling
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by adding hardware threads. The hardware model is an 
unbounded resource model at the time of speciÞcation. 

Software state is only advanced explicitly in single address-
able memory locations as each assignment occurs in a soft-
ware computation. By contrast, hardware state advances in 
synchrony with a global synchronizing signal, the clock edge. 
Specifying resources to carry out a computation allows for 
atomic, parallel updates in the hardware domain. Since multi-
ple registers may be loaded on any clock edge, hardware 
updates are atomic within the assumptions of global syn-
chrony. Multithreaded software does not have a notion of edge 
synchrony, although the appearance of atomicity needed for 
critical sections can be generated through mutual exclusion 
primitives Ñ an asynchronous approach to synchronization. 
The notion that software advances concurrent state atomically 
using asynchronous means, and that hardware advances con-
current state atomically through a global synchronization edge 
is an effect of the way each domain models computation and 
state resources.

In addition to explicit updates of state through register loading, 
hardware state changes have implicit effects on other state. 
Such implicit changes in hardware state are asynchronous 
state advancements on wires and combinational logic that are 
not directly synchronized to a clock signal (although they react 
to changes in state that are synchronized). Asynchronous hard-
ware updates may also be atomic, which is consistent with 
hardware as a structural model of computation that allows for 
speciÞcation of unbounded computation resources.

Software threads may be mapped to available resources in 
many-to-one, many-to-many, or one-to-one fashion. In all 
cases, software threads may be eligible to execute, but be 
resource starved. By contrast, hardware threads are always 
one-to-one mapped to the resources their behavior describes. 
Since the behavior of hardware models includes both compu-
tation resource and state resource, hardware threads are always 
eligible to execute and always active. The contrast in the acti-
vation of hardware and software threads is an effect of the 
model of a thread in software as bound by the availability of 
resources it may ultimately execute on, while hardware 
threads co-specify computational behavior with the resources 
required to carry out the behavior.

The unbounded speciÞcation of concurrent hardware 
resources requires a simulator to model execution. Through 
simulation, virtual time is controlled and the resources appear 
to execute concurrently regardless of the underlying hardware 
to execute the simulation. Software, with its Þxed/bounded 
resource model, is not simulated. The interaction of simulated 
and non-simulated computation resources requires a scheduler 
that can interleave simulated execution with execution that is 
conceptually executing on the resources provided by a host 
computer. To be truly simulated, resources for the software to 
execute on must be speciÞed (i.e., the number of processors 
for the threads and the mapping approaches). Whether the 
resources for software to execute on are conceptual or speci-
Þed, the interleaving of behavior is based upon the interaction 
of physical FSM resources implied by the mixed domain com-
putation models as described in the next section.

 

4. Common Models

 

The physical models that hardware and software represent 
may best be understood by the conceptual models from each 
domain and their overlap. Overlap between computation mod-
els of a multithreaded TM software description and a structural 
hardware description is shown in Figure 2. The Þrst model in 
the overlap is the FSM itself. FSM models of system state are 
available in each domain by requiring bounded state size in 
software. The second overlapping model, semantic FSMs, is 
used to model behavior which does not imply a Þnite state 
machine. Rather the FSM is an artifact of modeling in a lan-
guage domain. The third overlapping model is FSM-implied 
connectivity, utilized by each domain to allow threads to com-
municate. These will be described in terms of the means of 
specifying state in each of the domains.   

In the hardware domain, FSMs are speciÞed behaviorally. 
Latches are inferred in non-combinational hardware descrip-
tions and imply state that is updated asynchronously. Synchro-
nous FSM behavior is implied by hardware state that is 
updated by sensitivity to a clock edge. When state is implied in 
a hardware description, a resource is added to the system. 

Software programs physically represent one FSM in a system, 
while multiple FSMs are implied by a multithreaded software 
program. However, the actual number of FSMs in the physical 
system is determined by the mapping of threads to resources.

State for an FSM falls into three common categories as illus-
trated in Figure 3. Static state is persistent through execution 
of a system but is limited in visibility. Local state is limited in 
visibility, is not persistent, and is unbounded in the software 
domain. Global state is persistent and not limited in visibility. 
These are used to produce the three FSMs of Figure 2 that are 
common between the domains.

Each domain has different means of specifying system state 
that is advanced by FSMs. Hardware descriptions imply the 
addition of the static state through analysis of the behavioral 
model, as illustrated on the Þrst line of Figure 3. State is 
explicitly declared in software. 

Local state in hardware and software supports descriptions of 
computational behavior that are FSM-like in appearance, but 
not in effect. An example of these 

 

semantic FSM

 

 models are 
the combinational Verilog always blocks used for synthesizing 

FSMs

FSM-implied
connectivity

Semantic
FSMs

Turing
Machine
Model

Structural
Model

SW HW

 Figure 2   Computation Models for State Advancement

Threaded Language



 

4

 

combinational behavior. The local variables used in a software 
language function to model these are typically allocated to the 
stack, allowing for unbounded levels of computation nesting 
to take place. By contrast, local state in hardware functions 
and tasks have bounded system state. There are no hardware 
stacks for dynamic state; hardware does not follow the TM 
model.

The hardware description appears as an FSM because the 
always block is considered to contain sequential statements. 
However, in effect it is not; it contains no persistent state and 
thus synthesizes to combinational behavior. Functions in soft-
ware are modeled using an FSM style of computation, includ-
ing the declaration of local variables upon which the 
computation may be carried out. If a software function is state-
less (i.e., there is no state stored in statics or globals), then the 
software function is also a semantic FSM. Thus both lan-
guages contain the notion of a semantic FSM.

Both domains have some notion of global state access. While 
hardware supports global access via hierarchical naming con-
ventions, software allows for global access by any scope sim-
ply by variable name. Software state is modeled by name, 
where each name resolves to a unique location in memory. 
Because of the unbounded memory model in software, the 
physical memory location in which a named variable resides 
may actually be shared with other named state. This is most 
commonly seen when local state is stored on a stack or virtual 
memory is included in the system. But the essence of the nam-
ing convention in software modeling is one of addressability. 
Global variables in software are shared by all scope, and so are 
commonly used as a means of communicating between 
threads. 

Hardware state is not globally addressable in the same way 
software state is. The hierarchical naming convention in hard-
ware allows a simulation to access variables which may be 
outside the scope of a given module. Hardware globals, there-
fore, are a simulation convenience. Because hardware models 
unbounded physical copies of behavior and state required for 
the computation, hardware state is encapsulated with behavior. 

The last common computation model of Figure 2 is one where 
FSM behavior is implied for the purpose of inter-thread com-
munications. This ÒFSM-implied connectivityÓ is common to 
both domains. In the hardware domain, when a thread is wait-
ing for a certain condition to be met (i.e., a level) the semantics 
of the wait implies an FSM state to carry out the wait. The 
notion of a thread waiting for a condition to become true is the 

only common inter-thread communication model between the 
domains. In software, a single scheduler FSM is implied to 
carry out the speciÞed behavior. In hardware, a unique FSM 
state is implied for each wait condition.

Thus, both models of computation contain FSMs which allow 
for asynchronous advancement of system state in their internal 
models. Inter-thread advancement of system state in the soft-
ware domain requires explicit activation of a scheduling 
mechanism which allows for other threads to execute. 

Because software is not modeled as a resource, global inter-
thread synchrony is not possible in the software domain. By 
contrast, inter-thread advancement of system state in the hard-
ware domain is activated implicitly by updates to system state 
variables modeled as wires. Because of hardware as a compu-
tational resource model, true parallelism and global synchrony 
is possible in the hardware domain. Thus software activates 
threads explicitly and asynchronously, while hardware implic-
itly activates threads globally and synchronously.

The common FSM models of computation allow for the inter-
action of behaviors on the basis of the domain in which they 
are modeled. Thus a computer system is modeled as a collec-
tion of interacting behaviors, with overall performance and 
system level behavior deÞned by the domains in which the 
behaviors are described. This is the basis of our integrated dual 
model of computation.

 

5. Mixed System Modeling

 

Comprehensive computer system modeling requires the mod-
eling situations in Table 1 to be available and to co-execute. 
The two columns are labeled as hardware and software models 
and contain modeling situations not readily available in the 
other domain because of the physical resource modeling 
implied by each domain. The complementary nature of the 
modeling situations underlies our choice to include both C and 
Verilog in our modeling capability.    

HW SW

declared staticstatic

bounded stack/unboundedlocal

 Figure 3   Mixed Models of State

implied behaviorally 

hierarchical name declared public global

 

Table 1: Complementary H/S Modeling

 

HW, Unbounded Structural 
Resource Model

SW, Unbounded Memory Model

co-speciÞed behavior/resources dynamic, addressable, de-refer-
encable memory

synchronous global state update global state addressability 

synchronous state advancement time independence

implicit state updates via modular 
interconnect

explicit state updates via com-
piled library function calls

time-based simulation interactive, operational input

fan-out/fan-in unbounded buffers, mutexes, 
semaphores

threads always eligible for execu-
tion

dynamic threads 

feedback recursion
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Consider the calculation of the factorial of a value, n, as part of 
a larger computer system behavior. The behavior might be 
considered for implementation in the software domain using 
recursion or in the hardware domain using structural feedback. 

A recursive implementation of a stateless (semantic FSM) fac-
torial function in the software domain is shown below. The 
software recursive factorial requires a dynamic stack for local 
calling state. The stack is an inferred physical model required 
to carry out the behavior of the recursive software model. 

Not having unbounded dynamic memory, a hardware domain 
model uses structural feedback as shown in Figure 4 to imple-
ment the factorial. The hardware behavior is written in a man-
ner that implies the feedback state. 

In the recursive model from the software domain, the state 
required to carry out the overall factorial calculation is saved 
on the stack, while in the hardware domain the state required 
to carry out the calculation is implied into registers. In both 
cases, the factorial behavior being modeled is conceptually 
stateless inside the function and the always block. The state 
required to carry out the computation is inferred by a larger 
context in each case. The dual models of the hardware and 
software implementations infer very different physical models 
and so have very different implications on the behavior of the 
overall system in which they appear.

The list in the table and the factorial example illustrates the 
necessity of bringing together all of the modeling situations 
described in a more seamless system view using a dual model-
ing approach. Comprehensive system modeling requires the 
ability to consider the implementation of a given behavior 
within a larger system context Ñ a context which is inclusive 
of all of the physical means of implementing the behavior. 
Comprehensive system modeling also requires the ability to 
model all of the means of implementing a given behavior that 
are currently possible, with the ability to seamless integrate all 
of the physical models into a single execution model.

 

6. Examples

 

We are developing a peer-based executable hardware/software 
co-speciÞcation based upon a multithreaded shared memory 
model. The cosimulator allows the domains to co-execute as 
peers in the advancement of mixed system state. The cosimu-
lator allows for the TM and structural models of Figure 2 to be 
preserved in separate modeling domains, while it couples the 
domains by resolving common notions of system state as 

shown in Figure 3. This will eventually allow all the modeling 
situations of Table 1.

There is no restriction on the modeling possible in each 
domain. The software component of a co-simulation is com-
prised of a user deÞned multithreaded C program written using 
function calls to the Solaris Threads Library. All features of 
the threads library are available to the user. We are developing 
our own hardware scheduler to work with the Solaris thread 
scheduler and our cosimulation scheduler and will eventually 
develop a mixed domain cosimulation scheduler for both 
domains. These are implemented in our own hardware sched-
uler. Since we are focusing on the demonstration of the inte-
gration of concurrent hardware and software models, all 
models are currently speciÞed in stylized C-syntax. Eventu-
ally, we will develop Verilog and C parsers to generate the 
inter-domain communication primitives. 

The dining philosophers problem [10] illustrates the peer exe-
cution of our co-simulator. Mixed-domain modeling has phi-
losophers in both hardware and software and chopsticks in 
hardware. Figure 5 shows the allocation of resources between 
the hardware and software domains. Mutual exclusion is 
through multi-phased clocks in hardware and mutexes in soft-
ware. All of the software philosophers share one clock in the 
hardware simulation, VCLK in Figure 5, to avoid contention 
with hardware philosophers. Hardware and software test-
benches allow us to change the amount of time the philoso-
phers spend eating and thinking. Each time a philosopher eats, 
the appropriate testbench reads in a new pair of values from a 
Þle and gives them to the philosopher. The software testbench 
is a pure software thread controlled entirely by the Solaris 
thread scheduler. It synchronizes with the software philoso-
phers via mutexes.

Philosophers in both domains have identical behavior and, for 
the purposes of illustration, require the same amount of simu-
lated time to execute. Figure 6 shows the performance beneÞts 
of moving philosophers from software to hardware while 
keeping the total number of philosophers constant. Thus, the 
only change we make is moving threads from the software 
domain to the hardware domain Ñ no other behavioral or tim-
ing changes are made. The vertical axis shows the rate at 
which philosophers can acquire two chopsticks. As more phi-
losophers are moved to hardware, the philosophers eat more 
times overall since hardware philosophers have devoted exe-
cution resources, unlike software threads, which have to share 
the CPU. Thus, moving a behavior from a software multi-

int factorial (int n){
        if (n == 0) return 1;
        else return (n * factorial(n - 1));}

start
n

new_n

fact
combinational 
always block for 
factorial

 Figure 4   Factorial in Hardware Using Structural Feedback
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 Figure 5   Hardware/Software Resource Partitions
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threaded model to a hardware model effectively increases the 
resources and thus the true parallelism modeled by the system.

A mixed simulation also presents the possibility of using two 
testbenches, one each for hardware and software. In our imple-
mentation of dining philosophers, the HW testbench controls 
the clocks. Both testbenches control the amount of time the 
philosophers in their domain spend eating and thinking. Hav-
ing two testbenches allows the software and hardware 
domains to drive the simulation independently rather than 
making one testbench the master. Thus, the mixed domain 
testbenches are peers along with the mixed domain system 
models. Table 2 shows the results of changing the testbenches 
for the number of times the philosophers in each domain eat. 
The Þrst two columns list the contents of the Þle that controls 
eating and thinking times. The testbenches read a new pair 
each time one of their philosophers eat.

Another feature of our multithreaded approach is the ability to 
dynamically create and destroy software threads throughout a 
co-simulation Ñ a completely foreign concept in traditional 
hardware simulations just as truly concurrent threads are a 
completely foreign concept in software multithreading. Figure 
7 shows the results of dynamically creating and destroying 
software philosophers. One philosopher is destroyed every 
25000 HW time units for two iterations, then one is created 
every 25000 HW time units for two iterations, etc. The graph 
shows the rate of food consumption by the philosophers over 
time. As philosophers are destroyed, food consumption 
decreases and as they are created it increases.

 

7. Summary

 

Peer-based executable co-speciÞcation of mixed hardware/
software modeling of computer systems has been described in 
terms of the physical models inferred by each domain. A lan-
guage based approach for specifying common behavioral 
models permits an analogy of the hardware and software 
domains to physical dual models. The range of computer sys-
tem modeling currently available illustrates the necessity to 
preserve separate language-based domains but also motivates 
the need for the domains to co-execute. Comprehensive com-
puter system modeling is viewed as a collection of interacting 
behaviors with domain speciÞc inferences that impact the sys-
tem composition. Examples of our cosimulator have been 
described along with results that illustrate how the hardware 
and software domains co-execute on a peer basis.
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Table 2: Dining Philosophers Testbench

 

HW TestBench
(Eat Time, 

Think Time) 
in Clock Cycles

SW TestBench 
(Eat Time, 

Think Time)
in HW Time

Real 
Time 
(sec)

Number 
of Times 
SW Eats

Number 
of Times 
HW Eats

(1,2) (20,40) 0.74 74.3 78.0
(2,4) (20,40) 0.72 69.3 69.5
(4,8) (20,40) 0.76 63.7 39.5
(1,2) (40,80) 0.67 57.0 82.0
(1,2) (2,4) (20,40)(40,80) 

(80,160)(160,320)
0.68 38.0 65.5

 Figure 6   Performance BeneÞts of Resource Allocation
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 Figure 7   Rate at Which Philosophers Eat per Time
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