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Cut-Based Functional Debugging for Programmable
Systems-on-Chip

Darko Kirovski, Miodrag Potkonjak, and Lisa M. Guerra

Abstract—Due to the growth of both design complexity and the
number of gates per pin, functional debugging has emerged as a
critical step in the development of a system-on-chip (SOC). Tra-
ditional approaches, such as system emulation and simulation, are
becoming increasingly inadequate to address the system debugging
needs. Design simulation is two to ten orders of magnitude slower
than emulation and, thus, is used primarily for short, focused test
sequences. Emulation has the required speed but imposes strict
limitations on signal observability and controllability.

We introduce a new debugging approach for programmable
SOC’s that leverages the complementary advantages of emulation
and simulation. We propose a set of tools, transparent to both the
design and debugging process, that enables the user to run long
test sequences in emulation and, upon error detection, roll back to
an arbitrary instance in execution time and switch over to simula-
tion-based debugging for full design visibility and controllability.

The efficacy of the developed approach is dependent upon the
method for transferring the computation from one execution
domain to another. Although the approach can be applied to any
computational model, we have developed a suite of optimization
techniques that enable computation transfer in a mixed syn-
chronous data flow semi-infinite stream random-access machine
computation model. This computation model is frequently used in
many communications and multimedia SOC’s. The effectiveness
of the developed debugging methodology has been demonstrated
on a set of multicore designs where combined emulation-sim-
ulation has been enabled with low hardware and performance
overhead.

Index Terms—Core-based design, debugging, emulation, error
diagnosis, simulation, system-on-chip.

I. INTRODUCTION

A S THE complexity of designs increases, verification
emerges as a dominant step with respect to time and cost

in the development of a system-on-chip (SOC). For example,
the UltraSPARC-I design team reported that debugging efforts
took twice as long as their design activities [29]. The difficulty
of verifying designs is likely to worsen in the future. The
Intel development strategy team foresees that a major design
concern for year 2006 microprocessor designs will be the need
to exhaustively test all possible compatibility combinations
[30]. The same team also states that the circuitry in their future
designs devoted to debugging purposes is estimated to increase
sharply to 6% from the current 3% of the total die area.

Manuscript received July 31, 1998; revised April 7, 1999.
D. Kirovski and M. Potkonjak are with the Computer Science Depart-

ment, University of California, Los Angeles, CA 90095 USA (e-mail:
miodrag@cs.ucla.edu).

L. M. Guerra was with Conexant Systems, Newport Beach, CA 92660 USA.
She is now with Bevocal, Mountain View, CA 94043 USA.

Publisher Item Identifier S 1063-8210(00)00771-X.

The two most important components for efficient functional
and timing verification are speed of functional execution and
design controllability and observability. Traditional approaches,
such as design emulation and simulation, are becoming increas-
ingly inefficient to address system debugging needs. Design em-
ulation—implemented on arrays of rapid prototyping modules
[field-programmable gate arrays (FPGA’s)] or specialized hard-
ware—is fast, but due to strict pin limitations provides limited
and cumbersome design controllability and observability. Sim-
ulation—a software model of the design at an arbitrary level
of accuracy—has the required controllability and observability
but is, depending on the modeling accuracy, two to ten orders of
magnitude slower than emulation [31]. For example, the func-
tional verification team for the new HP PA8000 processor re-
ported eight orders of magnitude difference in speed between
the register-transfer level (RTL) simulated (0.5 Hz on a work-
station) and FPGA-emulated (300 KHz) functional execution of
their PA8000-based 200-MHz workstation system [18].

To combine the strengths of both verification domains,
Kirovski and Potkonjak recently introduced a cut-based func-
tional verification method that enables the verifier to seamlessly
migrate the execution back and forth between design simulation
and emulation [13]. Long test sequences are run in emulation.
Upon error detection, the computation is migrated to the sim-
ulation tool for full design visibility and controllability. The
functional execution is switched from one domain to another by
transferring thecomplete cutof the computation. A complete
cut of a computation is a set of variables that fully determines
the design state at an arbitrary time instance. The running design
(simulation or emulation) periodically outputs its cuts. The cuts
are saved by a monitoring workstation. When a transition to the
alternate domain is desired, any one of the previously saved cuts
can be used to initialize and then continue execution with pre-
served functional and timing accuracy. However, this debugging
technique, as proposed by Kirovski and Potkonjak, is restricted
only to single-core statically scheduled ASIC designs [13].

Since current trends in the semiconductor industry show that
programmable SOC’s are becoming the dominant design par-
adigm, providing adequate verification tools for such systems
is a premier engineering task. We have developed a generalized
cut-based methodology for coordinated simulation and emula-
tion of SOC’s consisting of a system of programmable and ap-
plication-specific cores. The methodology introduces a number
of optimization problems and a need for efficient implementa-
tion mechanisms. We provide a set of tools that solve these prob-
lems for a mixed synchronous data flow (SDF) semi-infinite
stream random-access machine (SISRAM) model of computa-
tion. This computation model is frequently used in many com-
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munications, multimedia, and digital signal-processing (DSP)
applications. We propose a suite of algorithms that effectively
identifies the minimal computation state (cut) and postprocesses
the system components to enable I/O of cut variables. The ex-
periments, conducted on a set of standard multicore benchmarks
and industry-strength designs, quantify the overhead induced
to enable the developed debugging paradigm. In all cases, no
or negligible hardware and performance overhead was incurred
while providing both fast functional execution and full design
controllability and observability.

A. Motivational Example

In this section, using a simple multicore application-specific
system, we provide an overview of the design-for-debugging
techniques used to enable cut-based functional debugging. The
goal of design-for-debugging is to add minimal hardware re-
sources into the component cores, such that during idle system
bus cycles, both cores can output or input their states in the
shortest possible time. The optimum solution to this problem
often requires interleaving of the transfers of minimal states of
component cores. In order to formalize the debugging approach,
we introduce the generic definition of a cut (minimal computa-
tion state) and its application to the synchronous data flow com-
putation model. A complete cut at timeis generically defined
as a subset of variables from which any other variable computed
after can be computed. We introduce two alternative defini-
tions of a cut of an SDF computation.

1) The First Definition of a Complete Cut:A complete cut
is a set of variables generated within one computation iteration
that bisects all possible paths in the computation.

2) The Second Definition of a Complete Cut:A complete cut
is a subset of variables that bisects all cyclic paths in the control
data flow graph of a computation.

These two definitions enable exploration of tradeoffs in the
cut-selection process. The first definition of a cut imposes a
limitation that all contained variables must be selected from
a single computation iteration. The second definition relaxes
this requirement by enabling the search for a cut to be con-
ducted among variables in several consecutive computation it-
erations. While cuts, which obey the first definition, require
smaller trace capturing devices and induce lower computation
initiation startup times, the cuts formed according to the second
definition frequently require less hardware resources. In the re-
mainder of this section, we demonstrate how a cut can be used
to restart a computation and what are the involved tradeoffs in
cut selection of multicore designs.

Consider an SOC consisting of a programmable core and two
application-specific cores, a fifth-order CF infinite impulse re-
sponse (IIR) filter [6], and a third-order Gray–Markel ladder
IIR filter [10]. The programmable core places the inputs for
both filters on a shared system bus. The filters periodically read
the data, process it, and place the results of the computation
back onto the shared bus. A single iteration of a computation
process is finished when the programmable core reads the output
data from the bus. The computations running on the ASIC’s
are statically scheduled. The corresponding control data flow
graphs (CDFG’s), operation scheduling, and register allocation

Fig. 1. Motivational example: system component core scheduled, allocated,
and assigned CDFG’s.

are shown in Fig. 1. A single iteration of computation on each
core requires 13 control steps. The Gray–Markel ladder filter
inputs and outputs data in control steps 0 and 12, respectively,
while the CF IIR filter inputs and outputs data in control steps
11 and 10, respectively. The architecture is shown in Fig. 2.
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Fig. 2. Motivational example: ASIC architectures for the fifth-order CF IIR
and third-order Gray–Markel ladder filter.

For example, consider two different cuts of the Gray–Markel
ladder filter: 1) variables , and and 2) variables at
the outputs of adders , , and , all stored in register .
Both variable subsets bisect all cyclic paths in the CDFG—by
deleting the edges in the CDFG that represent these variables,
all cyclic paths are removed. The computation at iteration (i) can
be restarted by injecting the values of the cut (a) in the first three
control steps of the iteration (i), respectively, and applying the
appropriate input sequence In(i). In order to enable such data
injection, registers , , and have to be connected to the
system I/O pins.

In order to use cut (b) to restart the computation at iteration
, cut values from three consecutive iterations (i), ,

and are required before the machine state is correctly
restored. Fig. 3 illustrates how variables ,
and , and therefore the machine state at control step
0, are restored using the system primary inputs and cut vari-
ables (outputs from adders , and ) from the specified
consecutive iterations. We demonstrate how the computation in
that case will be executed correctly using an unfolded CDFG in
Fig. 3. The bold lines in the unfolded CDFG represent all the in-
termediate variables required for computation of , and

. The design is initialized [prior to control step 0 of iteration
(i)] with arbitrary variable values. To output cut (b), its variables
have to be output through the I/O port at control steps 1, 4, and
7, respectively, in three consecutive iterations. Note that to en-
able I/O of cut (b), only one register has to be connected to
the I/O port.

In order to facilitate efficient SOC synthesis, the system inte-
grator has to be provided with a certain level of cut scheduling
programmability. The goal is to find for each core a subset of
registers of minimal cardinality such that all the variables held
by these registers constitute at least one complete cut. The ad-
ditional constraint for register selection is that the variables of
both cuts can be output and input through the available set of
system pins. According to the register assignment in Fig. 1, one
register in both cores is sufficient to provide a large set of com-
plete cuts. In the case of the Gray–Markel filter, complete cuts
are enabled by connecting register to the output port. The
cuts are formed by dispensing the output of or or

, and or at control steps 1 or 2, 4 or 5, and 7 or 8,
respectively. These three pairs of variables, which exclusively
have to be output, define eight different cuts. Similarly, by con-
necting the register to the I/O pins, 32 complete cuts are en-

abled for the CF IIR filter. The variables computed at operations
or or or or , and or can

be output at control steps 0 or 9, 1 or 8, 2 or 7, 3 or 6, and 4 or
5, respectively. Note that if the cut output schedule for the CF
IIR filter is fixed at control steps 5–9, either a buffer needs to be
allocated to one of the filters to hold the unscheduled variables
or the cuts have to be dispensed sequentially.

II. RELATED WORK

State-of-the-art tools for system debugging have concen-
trated on enhancing the performance of simulation models
as well as design visibility of hardware emulation blocks,
rather than trying to provide methods for their synergy.
State-of-the-art RTL simulators are equipped with debuggers
capable of performing error tracing and timing analysis1 and
simulation backtracking.2 Although instruction and cycle-ac-
curate programmable processor simulators provide full system
visibility, their speed corresponds directly to the achieved
accuracy and is often insufficient to debug complex systems
[31], [21]. To partially overcome these problems, a great deal
of attention has been paid to providing kernels for mixed-model
cosimulation of systems integrated using building blocks from
different parties (Mentor Graphics Seamless [13]).

Hardware emulators were developed as early as 1979 [3] and
have been under further development ever since [23], [25], [22].
Typical custom in-circuit emulator circuitry comprises capture
logic, which monitors the contents of the program address reg-
ister, the internal data bus, and control lines of the processor;
trace circuitry comprising a first-in–first-out buffer, which puts
data from the capture logic to the output pins of the chip; and
a content addressable memory and a software programmable
logic array with emulation counters that together function as a
finite-state machine, which performs the desired predetermined
testing. FPGA-based emulation systems have been developed
by a number of companies, including Quickturn,3 Ikos,4 Aptix,5

and Axis.6

The observability and controllability of variables in such sys-
tems is a great challenge for emulator developers. The developed
approaches are inefficient, expensive, or both. A common ap-
proach uses theexpensive, low-bandwidth, and intrusiveJTAG
boundary scan methodology [20]. The most advanced applica-
tion of JTAG circuitry has been introduced in the industry's
first solution for run-time target application-host data exchange
(RTDX) by Texas Instruments.7 Software developers use C
or DSP assembly code to address an internal data exchange
library, which in turn makes use of a scan-based emulator to
move data on and off chip via the JTAG serial test bus.

Design controllability and observability can be obtained also
by addressing user-customized SRAM memory cells (Quick-
turn Cobalt, Synopsys Eagle) or by probing nets into the FPGA

1http://www.interrainc.com/picasso.html.
2http://www.synopsys.com/products/simulation/cyclone_cs.html.
3http://www.quickturn.com/prod/hdlice/hdlice.htm.
4http://www.ikos.com.
5http://www.aptix.com:80/Products/mp4.html.
6http://www.axiscorp.com/.
7http://www.ti.com/sc/docs/dsps/tools/c5000/c54x/spry012.pdf.
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Fig. 3. Motivational example: unfolded CDFG over three consecutive iterations shows how variablesD1; D2, andD3 are computed.

testbed (Quickturn System Realizer, Mentor Graphics SimEx-
press,8 etc.). While the former case raises expenses, the latter
reduces visibility (1024 signals can be traced during four mil-
lion cycles in Mentor Graphic Celaro, 1152-6912 probes—each
128 K deep—available in System Realizer).

Another approach to system debugging involves partitioning
the system execution in simulation and emulation subsystems
(Quickturn Q/Bridge, Synopsys Eagle, Axis Corporation). For
example, Eagle uses emulation for the programmable compo-
nents and simulation for the ASIC components. Novel chal-
lenges in system debugging are streamlined toward verification
of emulation hardware with respect to the targeted functionality
and timing [17], efficient tracing of a subset of signals from the
emulator [14], and signal reconstruction for increased visibility
and reduced emulation bandwidth demands [19].

We also present a brief overview of checkpointing in dis-
tributed and parallel systems. Checkpointing is used in fault-tol-
erant computing systems to prevent data loss and recomputation.
In the domain of parallel systems, the usage of local data check-
points has been explored for construction of consistent global
checkpoints [27], [28]. Checkpoints have been used for synchro-
nization of redundant task executions in fault-tolerant real-time
systems [2].

III. PRELIMINARIES

The architecture template used to evaluate the developed
debugging method is depicted in Fig. 4. The architecture is
typical for most modern consumer electronics, multimedia,
and telecommunications devices. It consists of a master pro-
grammable core (MPC) and a set of application-specific and
slave programmable cores (SPC’s), all connected to a shared bus.
As shown in Fig. 4, an example ASIC could be a datapath unit
with registers. Alternatively, an ASIC could be a background
memory.

Two main, often contradictory, criteria for evaluation of
system and behavioral synthesis models of computations are
expressiveness [7] and suitability for optimization. While high
expressiveness implies wider application domain, suitability
for optimization often implies efficient implementation. For
this target system, the following heterogeneous model of
computation is assumed. The backbone of the model is the

8http://www.mentorg.com/codesign/main-f/index.htm.

Fig. 4. The targeted system: individual core architecture, embedded software,
and core intercommunication.

SISRAM model. The standard RAM model [1] is relaxed
by removing a requirement for algorithm termination. The
SISRAM model provides high flexibility with well-tested and
widely used semantics and syntax (C and Java). The second
component of the heterogeneous model is synchronous data
flow [15]. This component facilitates optimization-intensive
compilation for both programmable and ASIC platforms. Using
this heterogeneous model of computation, we simultaneously
address the needs of both control- and data-intensive appli-
cations. The programmable cores use a mixture of the two
models, while the ASIC’s use solely the SDF model. We have
used C as the specification language for programmable cores
and Silage [9] for the ASIC’s. The intermediate representation
used for algorithms is the control data flow graph.

The cut-based debugging approach is not limited to a spe-
cific computation model. For each computation model, though,
a cut definition has to be established to satisfy the generic con-
cept of a cut. In this paper, we describe cut selection for ASIC’s
synthesized using the SDF computation model. This simplifi-
cation is assumed because of three reasons: brevity, availability
of synthesis tools, and the fact that the SDF computation model
corresponds to many data-intensive applications.
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A. Debugging Process

The typical functional debugging process includes four stan-
dard debugging steps:functional test generation, error detec-
tion, error diagnosis, anderror correction. The test input vec-
tors are used to drive the design emulation. Error detection tech-
niques are deployed to signal whether the emulation should be
terminated due to an observed error. They can be as trivial as a
check for equality of a particular variable and as complex as de-
ployment of sophisticated error detection schemes for commu-
nication systems [4]. Upon detection, the fault is localized and
characterized. This is done by simulating the design on a work-
station starting from the set of cuts that precede a designer-se-
lected checkpoint. The starting checkpoint is selected by the
designer and should appear prior to the error occurrence. The
functional error is diagnosed using a synergy of design simula-
tion and emulation. Upon error diagnosis, the error is corrected
by updating the hardware and/or software or masking the error
using hardware/software workarounds.

B. Background Definitions

In this section, we present a formal description of the ter-
minology used in the remainder of the paper. The syntax of a
targeted computation is defined as a hierarchical control-data
flow graph [24]. The CDFG represents the computation as a
flow graph, with nodes representing operations, data edges rep-
resenting dependencies among operations, and control edges
representing control flow description. The semantics underlying
the syntax of the CDFG format is that of the SDF model.

Definition 1: A variable assignment of a CDFG is a unique
mapping of all variables CDFG to a register

ASIC.
Definition 2: A schedule of variable in a CDFG is de-

termined by the control step when is created and the
control steps when is used for the first and last
times, respectively.

Definition 3: Read lifetime of variable stored in register
begins at the control step when variableis created until

the control step when variable is overwritten in by another
variable or its value for the next iteration.

Definition 4: Write lifetime of variable stored in register
starts at the control step when variableis computed and

ends at the control step when variableis used for the first
time.

Definition 5: A port is a set of I/O pins. When variable
is assigned to port , then is output or input in its entirety

through port in one control step.
Definitions are depicted using Fig. 5. In Fig. 5, a scheduled

and assigned CDFG is presented. Registers, which store the
variables, are , and . Exact clock cycles when opera-
tions are executed are also depicted. The last control step when
the variable stored in is used is at . Since no variable is
stored in after until , it is said that the read lifetime of
the variable stored in spreads over the entire iteration. The
write lifetime of a variable can be observed on the example of
variable stored in . It is computed at control step and used
for the first time in the next consecutive control step. Hence, its
write lifetime includes only the control step .

Fig. 5. Example of a control data flow graph.

Fig. 6. View at the process of outputting the cut variables of all cores in the
system.

IV. DEBUGGING AND REAL-TIME CUT EXPORT

This section describes the key steps of the design-for-de-
bugging approach. Fig. 6 illustrates the technical details of the
process of cut I/O. The instrumentation of the code, which
runs on the MPC, starts the cut export process. For example,
as shown in Fig. 6, it first sends a signal (start ASIC) to the
ASIC’s that starts the cut output sequence of all ASIC’s. The
process of their cut I/O is statically scheduled. Cuts of cores
ASIC1 (Cut1) and ASIC3 (Cut2) are interleaved, and the cut of
core ASIC4 (Cut3) is output after the cuts of cores ASIC1 and
ASIC3. Since the cut I/O of the ASIC’s is statically scheduled,
the MPC knows when the ASIC cut export is complete. At that
point, the MPC polls [start SPC(i)] the cut I/O control of each
SPC’s in the system. Upon receipt of this signal, the virtual
tri-state gate that controls the actual I/O of cut variables onto
the shared bus is enabled. The instrumented code running on
the SPC has to be able to assure that exactly one cut I/O (Cut
SPC) is completed. Once its cut is dispensed, the SPC sends a
signal back to the MPC that acknowledges one successful cut
I/O process. At that point, the MPC initiates its own cut I/O,
which represents the end of the cut I/O process.

A. ASIC Design-for-Debugging

During the design of an application-specific core, debug func-
tionality is added as a postprocessing step. This functionality in-
cludes a set of register-to-output interconnects that enables the
export of a number of different cuts and a hardware feature that
enables the system integrator to select a specific cut. The mo-
tivation of enabling multiple cuts for I/O is as follows: 1) the
designer often does not know the system integration constraints
during the design of an individual component and does not want
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to modify the design upon request at integration time and 2) the
system integrator can benefit from multiple cuts if hard-to-solve
scheduling instances are encountered.

The I/O of variables of a particular computation cut is enabled
by explicit connection of registers that store these variables to
the I/O ports of the ASIC (if these registers are not already con-
nected). On the other hand, note that one subset of registers may
be used for I/O of a number of different cuts. This property of
the register selection for cut I/O can be used to enable selection
of the particular cut to be output at integration time. The goal is
to achieve more flexible cut I/O in the cases when multiple cores
are outputting their cuts on the same bus or the developed core
is used as a subblock in a larger core. The integrator controls the
selection of a particular cut using, for example, different control
microcode.

B. Code Compilation-for-Debugging

In general, each programmable core has two components in
its cut: instruction-accessible states (e.g., general-purpose regis-
ters) and states nonaccessible using machine code (e.g., branch
prediction hardware, caches, and pipeline latches). The part of
the cut accessible to instructions is transferred using debug in-
structions that are instrumented into the original code. The por-
tion of the cut that is not accessible by instructions can be ex-
ported in several ways. Many state-of-the-art processors provide
built-in debug ports that control breakpoint, pipeline and gen-
eral-purpose registers, and memory access logic [30], [12]. Al-
ternately, flushing of caches, pipelines, and/or branch predictors
can be used as means of state invalidation. However, this ap-
proach may decrease the performance of the debugging system.
Such deficiency may be unacceptable for debugging real-time
systems. An alternate approach is to shadow the invisible states
in such a way that at the moment of cut I/O the programmable
core continues processing using one copy, while the shadowed
copy is transferred to the monitoring workstation. Upon transfer,
the shadowed copy is updated with the latest changes.

The debug instructions can be added either before or
after compilation. While the precompilation choice requires
in-source-code embedding of cut I/O instructions (for example,
used in the MIPS Pixie [26]), the postprocessing step encom-
passes object code instrumentation similar to that implemented
in Purify (Purify uses this technique to locate memory access
errors) [11]. The precompilation approach has a significant
advantage due to independence with respect to the hardware
platform. Debugging platforms that can provide real-time JTAG
support for such an approach have been already developed and
marketed.

An example of instrumented code is given in Fig. 4 where
the programmable core executes a second-order direct-form IIR
filter. The instruction OUT(D[N]); is used for observability and
if Debug D[N] := IN; for controllability. Controllability in em-
ulation is beneficial because of the following application. The
designer can change easily the state of the computation in sim-
ulation. Next, as a part of the debugging process, using emu-
lation controllability, the designer can transfer the computation
state from simulation to emulation, and hence restart the com-
putation in emulation with an arbitrary computation state as a
starting point.

The instrumentation process is performed in four phases. In
the first phase, the minimal-size cut for each statically sched-
uled user-defined SDF computation island running on each
programmable core is identified. An SDF computation island
in a SISRAM computation is a set of instructions that process
input data following the SDF computation model. The SDF
computation islands are triggered by interrupts and executed
pseudoperiodically according to the input data rate. In the second
phase, the code is augmented with debug instructions that per-
form cut I/O. In the third phase, we identify the cut variables
outside the SDF islands. Last, we instrument the code with
instructions that initiate and call the function performing the
system state I/O. Usually, the call to this function is placed in the
main loop of the program. Using profiling tools, the designer
determines the best location and frequency of calling of this
function. The fourth phase of instrumentization for debugging is
currently not automated.

C. Integration-for-Debugging

The ASIC developer provides the system integrator with
information about the set of cuts that can be enabled. For each
ASIC, the variables and control steps at which they can be dis-
pensed through thevirtual pins of the ASICaregiven. Thesystem
integrator faces three design problems. First, for each ASIC, a
single cut has to be selected. Second, the selected cuts, jointly
with the primary inputs and outputs, are scheduled for I/O over
the available set of pins. We integrated these two phases into a
tight optimization loop, which searches for a feasible scheduling.
Last, if no scheduling is found, the ASIC cuts are transferred
sequentially in such a way that no two scheduled cut variables
are displayed on the system bus in the same control step.

V. DESIGN-FOR-DEBUGGING: ALGORITHMS

In this section, the optimization problems related to de-
sign-for-debugging are identified, their computation complexity
is established, and efficient algorithms are developed. There
are three main optimization problems related to the support for
debugging: 1) finding a minimal cut of a program being executed
on a PC; 2) finding a set of register-to-output interconnects that
enables a large number of nonoverlapping cuts; and 3) selection
of a cut for each ASIC such that the I/O of all cuts is interleaved
and conducted in minimal number of control cycles.

A. Code Instrumentation for Cut I/O

The export and import of cut variables of computations
executed on programmable cores is performed by executing
debug instructions embedded into the original code by a compi-
lation postprocessing tool. The embedded instructions impose
an overhead on the program performance and storage. The
code size overhead is directly proportional to the cardinality
of the selected cuts. The number of embedded instructions
also affects the number of required cycles, and therefore the
time overhead to output the programmable core cut. These two
problems are not identical since different code segments can be
executed with different dynamic frequencies in the SISRAM
computation model. Since in Section VI the timing overhead is
shown to be minimal on a variety of applications, we focus our
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attention on the first optimization problem. Solutions for both
optimization problems are strongly positively correlated in the
sense that a good solution to one of the problems implies high
likelihood for a good solution to the other.

PROBLEM: PC Cut Selection.
INSTANCE: Given a computation presented as directed

cyclic graph and an integer .
QUESTION: Is there a subset of edges that correspond to

node outputs such that when deleted leaves
no directed cycles in the graph, and that ?

The PC Cut Selection is an NP-complete problem since there
is one-to-one mapping between the special case of this problem,
when all operations in the computation are executed exactly the
same number of times, and the problem is finding the minimal
feedback arc set [8].

To address this problem, we have developed a heuristic sum-
marized using pseudocode in Fig. 7. The heuristic initially par-
titions the graph into a set of strongly connected components
(SCC’s) using the breadth-first search algorithm [5]. This al-
gorithm has complexity , where is the number of
vertices and is the number of edges in a graph. All trivial
SCC’s, which contain exactly one vertex, are deleted from the
resulting set since they do not form cycles. The algorithm then
iteratively performs several processing steps on each of the non-
trivial SCC’s. At the beginning of each iteration, to reduce the
solution search space, a graph compaction step is performed. In
this step, each path , which contains only vertices

with exactly one variable input, is replaced with
a new edge that connects the sourceand destination
and represents an arbitrary selected edge (variable) of the same
path.

In the next step, an objective function decides which node
(variable) in the current set of SCC’s is to be deleted. The func-
tion analyzes, for the deletion of each vertex, the cardinality and
the vertex cardinalities of the new set of SCC’s. The vertex that
results in the smallest objective function is deleted from the
set of nodes as well as all adjacent edges. The deleted vertex
is added to the resulting cut. The process of graph compaction,
candidate node deletion evaluation, node deletion, and graph
updating is repeatedwhile the setofnontrivial SCC’s in the graph
is not empty. The set of nodes deleted from the computation
represents the final cut selection.

Consider the example shown in Fig. 8. The CDFG of the
third-order Gray–Markel ladder IIR filter has only one non-
trivial SCC. The graph compaction step is explained in Fig. 8(a)
where vertex is merged with vertex as well as variable
merged with variable . In Fig. 8(b), an example of node dele-
tion is described. The deleted node creates two smaller SCC’s.

B. Cut Selection and Register-to-Port Interconnection

The goal of the ASIC design-for-debugging process is to
assign a minimal number of register-to-output interconnects
such that large number of complete cuts can be output from the
core. An additional constraint is set on the timing occurrence
of these cuts. Since the core developer does not know in
advance the multicore system configuration, i.e., the future
scheduling constraints of the cut variables, its search for a set of
register-to-output interconnects is targeted for a large number

Fig. 7. Finding the cut of the third-order Gray–Markel ladder IIR filter. The
original CDFG for this filter structure is presented in Fig. 1(a).

of time nonoverlapping small cuts. Such a subset of registers
gives the system integrator more flexibility to find a scheduling
solution for interleaved cut I/O. We introduce a heuristic search
objective and algorithm for such subset of registers.

1) Heuristic Definition 1: A “debugging prospective reg-
ister subset” is a subset of registers that de-
fines a set of distinct cuts that satisfies the
following two statements: and

OF

LifeTime

LiveVariables CS

where function LiveVariables (CS) returns the number of vari-
ables alive at control step CS, is a given real number, and

are given integers.
The definition of a debugging prospective register subset

forces selection of registers that define a set of cuts with large
cardinality, small cardinality of containing cuts, long lifetimes
of containing cut variables, and nonoverlapping lifetimes of
variables in the set of cuts. These three properties of the se-
lected subset of registers provide flexibility at various decision
levels for multicore cut scheduling. The core developer faces
an optimization problem to find the debugging register subset
with the smallest possible constants Max and where
constant Max has priority over .

PROBLEM: Debugging-Prospective Register Selection.
INSTANCE: Given scheduled and assigned CDFG, real

number MinOF, and integer MinCard.
QUESTION: Is there a subset of registers

that determines a set of distinct CDFG cuts
, and has OF Min and
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Fig. 8. Finding the cut of the third-order Gray–Markel ladder IIR filter. The
original CDFG for this filter structure is presented in Fig. 1(a).

MinCard? A special case of the debugging register
selection problem, with no register sharing among CDFG com-
putation variables and no additional heuristic requirements, is
equivalent to the problem of finding the minimal feedback arc
set [8]. Therefore, debugging-prospective register selection is
computationally an intractable problem.

We developed a heuristic to search for a debugging prospec-
tive register subset in a scheduled and assigned CDFG. The
algorithm is formally explained using the pseudocode in
Fig. 9. First, the algorithm partitions the CDFG into a set
SCC of SCC’s. Then for each register, the heuristic, using
the objective function described below, evaluates the set of
strongly connected subgraphs sccscc that are a result of
deletion of all variables held by register . The objective

Fig. 9. Pseudocode for the debugging prospective register subset search.

function used to quantify the register selection importance is
shown in the equation at the bottom of the next page, where
SCCcar( CDFG returns the sum of squares of cardinalities
of strongly connected components sccwhen all variables held
by register are deleted from the CDFG. LiveVariables(CS,
SR) returns for control step CS a sum of squares of number
of variables alive at CS and held by the currently selected
subset of registers SR. The register with the highest objective
function is selected, added to the currently selected subset of
registers SR, and all its variables (edges) are deleted from the
original CDFG. The process of register selection is recursively
repeated while the set of nontrivial SCC’s is not empty.

In order to provide probabilistic register selection, and
therefore improve the search engine, in our implementation we
multiply the original objective function value with a random
number within a prespecified offset. The search for the best
register selection is iteratedtimes (in our experiments was
equal to the number of operations in the CDFG).

C. Cut Scheduling of Multiple Cores

In this section, we introduce an algorithmic solution that
enables efficient I/O of cut variables from multiple statically
scheduled ASIC’s. This design step is done during system inte-
gration. The optimization problem has three modular subtasks.
In the first subtask, at least one cut is selected for each ASIC.
The second phase encompasses a search within the common
multiple (CM) of periods of all ASIC’s in the system for a subset
of cuts that can be scheduled in the fewest successive control
steps. The third task encompasses scheduling of the system cut.

As an input to the algorithm, the system integrator is pro-
vided in a table where each row represents a list of variables
that constitute an ASIC cut and a range of control steps when
each variable can be read or written. In order to reduce the size
of the table, we treat a list of consecutively alive variables in a
single cut that are stored in the same register and that are de-
pendent only upon the variable previously stored in that register
(except the first variable in the list) as a single “compacted” vari-
able. An example of such a cut table, which corresponds to the
CDFG of the third-order Gray–Markel ladder filter presented
in Fig. 1(a), is depicted in Table I. Since the output variables
of operations and fulfill the above requirements and
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TABLE I
PSEUDOCODE FORPC CUT SELECTION

SEARCH

are stored in the same register , we represent these vari-
ables using a single variable (denoted as “compacted” in the
remainder of the text). Similarly, output variables of operations
( and ) and ( and ) are compacted as two distinct
variables with lifetimes that span over the lifetimes of the orig-
inal variables.

In general, each ASIC can have a different period of its on-
going computation. Therefore, we use the CM of all, as the
system ASIC debugging period. Within this period the algo-
rithm tries to find a feasible schedule of variables of all ASIC
cuts such that the range of control steps is minimal between the
moments when the first and last cut variable in the ASIC sub-
system are output. The problem is formally stated in the fol-
lowing way.

PROBLEM: Cut Selection and Scheduling.
INSTANCE: Given a set of cores ASIC, a set of cuts

CUT for each core CORE ASIC, a set of variables for
each cut CUT , a set of control steps CSfor which
each variable is alive, a set of CS control steps at which
chip ports are idle, and integer MaxRange.

QUESTION: Is there a selection of a cut CUT for each
core, such that for each variable CUT exists distinct
control steps CS CS at which the chip port is idle, no two
variables CUT CUT are scheduled for
transfer CS CS through the chip port at the same idle
control step, and that the CS MaxRange?

The problem of scheduling a subset of variables in a CDFG
[13] is a special case of the cut selection and scheduling
problem. Since the former problem is NP-complete [13], the
cut selection and scheduling problem is also computationally
intractable. We developed a most constrained, least con-
straining heuristic in order to provide a competitive solution to
this problem. The heuristic is explained using the pseudocode
in Fig. 10.

The developed algorithm addresses simultaneously the cut se-
lection and scheduling by integrating heuristics for their solu-
tion in a tight search loop. Initially, for each ASIC, the available
cuts, all of equal cardinality, are sorted in decreasing order with
respect to the average lifetime of contained variables. The se-
lection and scheduling search loop starts by selecting one cut
for each ASIC from its list of available cuts. In order to provide
search randomization and at the same time give priority to cuts
with lower indexes, i.e., cuts that contain variables with longer
average lifetimes, the probability of selecting a particular cut is
made proportional to the square of its average variable lifetime.

Fig. 10. Pseudocode for the cut selection and scheduling algorithm.

Once cuts for all ASIC’s are selected, the next step is to find,
within CM consecutive control steps, the smallest subset of
consecutive control steps in which the variables of the selected
cuts can be scheduled. The search is initiated by determining
the lower bound on the range of control steps for
which all cuts can be dispensed. This bound is equal to the sum
of the cardinalities of all ASIC cuts. Next, within the frame of
CM consecutive control steps, a set TIME is found where each
element TIME TIME represents a particular subset of
consecutive control steps that contains at least idle con-
trol steps, and for each variable of all ASIC cuts there must be
at least one of these idle steps in which it is alive. One frame of
control steps TIME may “contain” more than one of the avail-
able cuts for one ASIC. Therefore, for each combination of cuts
within TIME , a scheduling heuristic is performed.

The scheduling heuristic iteratively constructs the solution by
selecting most constrained cut variables and scheduling them
exactly at the least constraining control steps. The functions
used to quantify the constraint are given in the pseudocode in
Fig. 10. If feasible scheduling is found, the range of the solu-
tion is compared to the best current solution and if more

OFR SR CDFG SCCcar CDFG ControlStep CSLiveVariables CS SR

LifeTime
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TABLE II
PSEUDOCODE FOR THEDEBUGGING PROSPECTIVEREGISTERSUBSET SEARCH

TABLE III
TABLE OF CUTS FOR THETHIRD-ORDER GRAY–MARKEL LADDER FILTER

competitive is memorized as the best. If feasible scheduling is
not found, the control step range is increased and the search
procedure is repeated until for a given set of cuts scheduling is
found or the current range exceeds the scheduling range of the
current best solution. The best scheduling solution is the one that
a minimal number of consecutive control steps inputs or outputs
the variables of each ASIC in the system.

VI. EXPERIMENTAL RESULTS

We have conducted a set of experiments to evaluate the ef-
fectiveness of our system debugging paradigm. Table II shows
the set of application-specific cores that were used, and the
area overhead introduced by the design-for-debugging postpro-
cessing step that introduces hardware to enable cut I/O. The ap-
plication-specific cores include a number of Avenhaus IIR fil-
ters, several linear controllers, a nonlinear volterra filter, and a
modem. The designs were synthesized using HYPER [24]. In
the first column, the name of the core is presented followed in
the next six columns with core architecture data, such as the
length of one iteration in control steps, number of variables in
the application-specific computation, core area dedicated to the
execution units, registers, multiplexers, and total area. In column
eight, the number of variables in the smallest cut is presented.
The first number in the sum is the number of control steps at

which functional I/O is performed while the second number is
the number of control steps at which the cut variables are I/O.
Finally, the last two columns show the final total area and the
percentage area overhead. For all designs, the cut selection al-
gorithm succeeded to find competitive solutions in less than five
seconds on a Sun UltraSPARC-II.

The application-specific cores were integrated into a number
of system configurations to test the efficiency of our cut-se-
lection and scheduling technique. The results are illustrated in
Table III. While in the first column the core mix is specified,
the second column presents the common system period. The last
two columns present the number of variables of all cuts in the
system that have to be transferred in one system period and the
range of control steps in which this transfer is accomplished. By
comparing the last two columns, it is self-evident that we effi-
ciently utilize the idle control steps in order to transfer cut vari-
ables. For all design integrations, the cut selection and sched-
uling algorithm succeeded to find competitive solutions in less
than one second on a Sun UltraSPARC-II.

Last, in order to evaluate the feasibility and overhead of em-
bedding instructions for programmable core cut I/O, we instru-
mented the code from the MediaBench benchmark suite [16]
with instructions that dispense the program cut out of a gen-
eral-purpose processor. The experimental results are presented
using two subtables in Table IV. The first column of each sub-
table presents the name of the multimedia application. The next
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TABLE IV
PSEUDOCODE FOR THECUT SELECTION AND SCHEDULING ALGORITHM

two columns quantify the total number of variables in the pro-
gram and the cardinality of the program cut, respectively. Fi-
nally, the last column presents the ratio of cut versus total vari-
ables. For all programs, the cut selection algorithm succeeded
to find competitive solutions in less than a minute on a Sun Ul-
traSPARC-II. Importantly, as a proof of concept, we outline the
fact that on the average only 10.8% of all variables in the tar-
geted benchmark suite were found to constitute cuts, and there-
fore, present a direct transfer cost.

VII. CONCLUSION

This paper has introduced the first approach to functional ver-
ification of statically or dynamically scheduled programmable
SOC’s that coordinates design emulation and simulation. We
have established the complexity of all optimization tasks and
developed efficient heuristics to provide competitive solutions.
The effectiveness of the new approach and accompanying algo-
rithms has been demonstrated on a set of programmable and ap-
plication-specific multicore designs where full system observ-
ability and controllability have been enabled with low hardware
and performance overhead.
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