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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 The two most important components for efficient functional
number of gates per pin, functional debugging has emerged as a and timing verification are speed of functional execution and
critical step in the development of a system-on-chip (SOC). Tra- agign controllability and observability. Traditional approaches,

ditional approaches, such as system emulation and simulation, are h as desi lati d simulati b T
becoming increasingly inadequate to address the system debuggingSuc as gesign emuiation and simiation, are becoming INcreas-

needs. Design simulation is two to ten orders of magnitude slower ingly inefficient to address system debugging needs. Design em-
than emulation and, thus, is used primarily for short, focused test ulation—implemented on arrays of rapid prototyping modules
sequences. Emulation has the required speed but imposes strict[field-programmable gate arrays (FPGA's)] or specialized hard-
limitations on signal observability and controllability. ware—is fast, but due to strict pin limitations provides limited

We introduce a new debugging approach for programmable . - - -
SOC'’s that leverages the complementary advantages of emulation and cumbersome design controllability and observability. Sim-

and simulation. We propose a set of tools, transparent to both the ulation—a software model of the design at an arbitrary level
design and debugging process, that enables the user to run longof accuracy—has the required controllability and observability
test sequences in emulation and, upon error detection, roll back to put is, depending on the modeling accuracy, two to ten orders of
an arbitrary instance in execution time and switch over to simula- magnitude slower than emulation [31]. For example, the func-
tion-based debugging for full design visibility and controllability. . L '
The efficacy of the developed approach is dependent upon the tional ve_rlflcat|0n team for th_e new _HP PASOQO processor re-
method for transferring the computation from one execution Ported eight orders of magnitude difference in speed between
domain to another. Although the approach can be applied to any the register-transfer level (RTL) simulated (0.5 Hz on a work-
computational model, we have developed a suite of optimization station) and FPGA-emulated (300 KHz) functional execution of
techniques that enable computation transfer in a mixed syn- their PA8000-based 200-MHz workstation system [18].
chronous data flow semi-infinite stream random-access machine . L .
computation model. This computation model is frequently used in _TO C(_)mblne the _Strengths Of_ both verification domains,
many communications and multimedia SOC’s. The effectiveness Kirovski and Potkonjak recently introduced a cut-based func-
of the developed debugging methodology has been demonstratedtional verification method that enables the verifier to seamlessly
on a set of multicore designs where combined emulation-sim- migrate the execution back and forth between design simulation
ulation has been enabled with low hardware and performance and emulation [13]. Long test sequences are run in emulation.
overhead. h S . .
Upon error detection, the computation is migrated to the sim-
Index Terms—Core-based design, debugging, emulation, error ylation tool for full design visibility and controllability. The

diagnosis, simulation, system-on-chip. functional execution is switched from one domain to another by
transferring thecomplete cubf the computation. A complete
l. INTRODUCTION 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
Pé saved by a monitoring workstation. When a transition to the
ternate domain is desired, any one of the previously saved cuts
. . . o o @8n be used to initialize and then continue execution with pre-
took twice as long as their design activities [29]. The dlfﬂcult)éerved functional and timing accuracy. However, this debugging

of verifying designs is likely to worsen in the futur_e. The[echnique, as proposed by Kirovski and Potkonjak, is restricted
Intel development strategy team foresees that a major des to single-core statically scheduled ASIC designs [13].

concern for year 2006 microprocessor designs will be the nee ince current trends in the semiconductor industry show that

to exhaustively test all possible compatibility Combmaﬂonﬁrogrammable SOC's are becoming the dominant design par-

[30]. The same team also states that the circuitry in theirfutugai m, providing adequate verification tools for such systems

dﬁ&g?stdeg;t?d to Shebugglngt %l;/rpofstis Its tesltgpated to INCrags; premier engineering task. We have developed a generalized
sharply to 6% irom the current 5 ot the total die area. 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
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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 1/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- (a) The 3rd order Gray-Markel
tion state) and its application to the synchronous data flow com- ladder filter.
putation model. A complete cut at tinfeis generically defined
as a subset of variables from which any other variable computed
after’I’ can be computedNe introduce two alternative defini-
tions of a cut of an SDF computation.

1) The First Definition of a Complete CutA 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: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- N é“cnm»
mainder of this section, we demonstrate how a cut can be used 10 "3'1' RS

&)

A9
O

to restart a computation and what are the involved tradeoffs in o1 23" o7 3" 05
cut selection of multicore designs.
Consider an SOC consisting of a programmable core and two (b) The 5th order CF IIR fil-

application-specific cores, a fifth-order CF infinite impulse re- ter.

sponse (lIR) filter [6], and a third-order Gray—Markel ladder

lIR filter [10]. The programmable core places the inputs fdrig. 1. Motivational example: system component core scheduled, allocated,
both filters on a shared system bus. The filters periodically re3%! 2ssigned CDFG's.

the data, process it, and place the results of the computation

back onto the shared bus. A single iteration of a computatiane shown in Fig. 1. A single iteration of computation on each

processis finished when the programmable core reads the outpmre requires 13 control steps. The Gray—Markel ladder filter

data from the bus. The computations running on the ASICigputs and outputs data in control steps 0 and 12, respectively,
are statically scheduled. The corresponding control data flavhile the CF IIR filter inputs and outputs data in control steps

graphs (CDFG's), operation scheduling, and register allocatiah and 10, respectively. The architecture is shown in Fig. 2.
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abled for the CF IIR filter. The variables computed at operations
A2or A3, Ador A5, A6 or A7, A8 or A9, andA10 or C12 can

be output at control steps0or9,1or8,20r7,3o0r6,and 4 or
5, respectively. Note that if the cut output schedule for the CF
lIR 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.

Il. RELATED WORK

Tothe chip IO port and the programmable core State-of-the-art tools for system debugging have concen-

Fig. 2. Motivational example: ASIC architectures for the fifth-order CF IIF\Irated on enhancmg_t_hg_performance of SImUIa_tlon models
and third-order Gray-Markel ladder filter. as well as design visibility of hardware emulation blocks,
rather than trying to provide methods for their synergy.

: . tate-of-the-art RTL simulators are equipped with debuggers
For example, consider two different cuts of the Gray—Mark auipp 99

g pable of performing error tracing and timing analysisd
ladder filter: 1) variabled1, D2, and D3 and 2) variables at _. : - ; -
P ) . simulation backtracking.Although instruction and cycle-ac-
the outputs of adderd1, A3, andA5, all stored in registeR1. 9 g y

. ; : _ curate programmable processor simulators provide full system
Both variable subsets bisect all cyclic paths in the CDFG_QXSibiIity, their speed corresponds directly to the achieved

deleting the edges in the CDFG that repr(_asent _these_ Var_iabgeécuracy and is often insufficient to debug complex systems
all cyclic paths are removed. The computation at.|terat|qn (e 1], [21]. To partially overcome these problems, a great deal
be restarted by injecting the values of the cut (a) in the first thr fattention has been paid to providing kernels for mixed-model

control steps of the iteration (i), respectively, and applying tn:‘%)simulation of systems integrated using building blocks from
appropriate input sequence In(i). In order to enable such d%

A . ifterent parties (Mentor Graphics Seamless [13]).
'Srygg';r:/ (;epg?lnssterst, 13, and 14 have to be connected to the Hardware emulators were developed as early as 1979 [3] and

. . have been under further development ever since [23], [25], [22].
0I'S‘/pical custom in-circuit emulator circuitry comprises capture
ogic, which monitors the contents of the program address reg-
Yer, the internal data bus, and control lines of the processor;
) . trace circuitry comprising a first-in—first-out buffer, which puts
andD3(i + 2), and_ therefore the ma(_:hme s_tate at control St%%ta from the capture logic to the output pins of the chip; and
0, are restored using the system primary inputs and cut Vallontent addressable memory and a software programmable

ables (OL,:.tquf frc;m adc\i/(\aljzsg A3, ar;d/tIS)hfroth\hthe specTetq Io‘ﬁic array with emulation counters that together function as a
consecutive lterations. e demonstrate how the computatiojilie_state machine, which performs the desired predetermined

th_at case will be _exec_uted correctly using an unfolded CDFG_ t8sting. FPGA-based emulation systems have been developed
Fig. 3. The bold lines in the unfolded CDFG represent all the "Efya number of companies, including Quicktdrikos 4 Aptix,s
termediate variables required for computation/af, D2, and and Axis® ' ' '

D3. The design is initialized [prior to control step O of iteration The observability and controllability of variables in such sys-

()] with arbitrary variable values. To output cut (b), its variable§e sis a great challenge for emulator developers. The developed
have to be output through the 1/O port at control steps 1, 4, ay proaches are inefficient, expensive, or both. A common ap-
7, respectively, in three consecutive iterations. Note that to ' '

ble 1/0 of cut (b I istdtl has 1o b ted t ‘oach usesthe expensive, low-bandwidth, andintrusive JTAG
?heeI/O p%rtcu (b), only one regis as to be connecte 0boundary 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

grator has to be provided with a certain level of cut scheduli E{TDX) by Texas InstrumentsSoftware developers use C
programmability. The goal is to find for each core a subset DSP assembly code to address an internal data exchange
registers of minimal cardinality such that all the variables he ary, which in turn makes use of a scan-based emulator to

z.);.thesl,e regltstgrf fconstlt.utte at lTaStt. one iﬁ”;glr?te cu_t.l;ll'he fﬁ ve data on and off chip viathe JTAG serial test bus.
tional constraint for register sefection 1s that the variables o esign controllability and observability can be obtained also

both cuts can be output and input through the available set addressing user-customized SRAM memory cells (Quick-

system pins. According to the register assignment in Fig. 1, ofi& cobalt Synopsys Eagle) or by probing nets into the FPGA
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 regisf@t to the output port. The
cuts are formed by dispensing the output4if or C'1, A3 or Shttp:/iwww.quickturn.com/prod/hdlice/hdlice.htm.

C2, and A5 or C3 at control steps 1 or 2, 4 or 5, and 7 0r 8, ayyp./pww.ikos.com.

respectively. These three pairs of variables, which exclusivelyship:/amww.aptix.com:80/Products/mp4.html.

have to be output, define eight different cuts. Similarly, by con-éhttp:/mwww.axiscorp.com/.

necting the registeR7 to the 1/O pins, 32 complete cuts are en- 7http://www.ti.com/sc/docs/dsps/tools/c5000/c54x/spry012.pdf.

(¢4 3), cut values from three consecutive iterations(fi} 1),
and(i + 2) are required before the machine state is correct#
restored. Fig. 3 illustrates how variablB4(i + 2), D2(i + 2),

http://www.interrainc.com/picasso.html.
hitp://www.synopsys.com/products/simulation/cyclone_cs.html.
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Fig. 3. Motivational example: unfolded CDFG over three consecutive iterations shows how vafidblé®2, and D3 are computed.

testbed (Quickturn System Realizer, Mentor Graphics SImEx-
press 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- ~ Shared bus l ‘ ! T
nents and simulation for the ASIC components. Novel chal-

lenges in system debugging are streamlined toward verification Scheduling

of emulation hardware with respect to the targeted functionality Logic

Debug Buiffe
and timing [17], efficient tracing of a subset of signals from the L Hg e

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 hE_lS been explored for C_OnStrUCtlon of consistent glo%. 4. The targeted system: individual core architecture, embedded software,
checkpoints [27], [28]. Checkpoints have been used for synche@d core intercommunication.
nization of redundant task executions in fault-tolerant real-time
systems [2].

ASICcore2

ASIC core 1

Register File

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
The architecture template used to evaluate the developedely used semantics and syntax (C and Java). The second
debugging method is depicted in Fig. 4. The architecture ¢é@mponent of the heterogeneous model is synchronous data
typical for most modern consumer electronics, multimediflow [15]. This component facilitates optimization-intensive
and telecommunications devices. It consists of a master pommpilation for both programmable and ASIC platforms. Using
grammable core (MPC) and a set of application-specific atitis heterogeneous model of computation, we simultaneously
slave programmable cores (SPC’s), all connected to a shared lagisiress the needs of both control- and data-intensive appli-
As shown in Fig. 4, an example ASIC could be a datapath uiitions. The programmable cores use a mixture of the two
with registers. Alternatively, an ASIC could be a backgrounghodels, while the ASIC’s use solely the SDF model. We have
memory. used C as the specification language for programmable cores
Two main, often contradictory, criteria for evaluation ofnd Silage [9] for the ASIC’s. The intermediate representation
system and behavioral synthesis models of computations ased for algorithms is the control data flow graph.
expressiveness [7] and suitability for optimization. While high The cut-based debugging approach is not limited to a spe-
expressiveness implies wider application domain, suitabilityfic computation model. For each computation model, though,
for optimization often implies efficient implementation. Fora cut definition has to be established to satisfy the generic con-
this target system, the following heterogeneous model opt of a cut. In this paper, we describe cut selection for ASIC'’s
computation is assumed. The backbone of the model is themthesized 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
8http://www.mentorg.com/codesign/main-findex.htm. corresponds to many data-intensive applications.

I1l. PRELIMINARIES
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A. Debugging Process

The typical functional debugging process includes four stan-
dard debugging stepfunctional test generation, error detec-
tion, error diagnosisanderror correction The test input vec-
tors are used to drive the design emulation. Error detection tech-
nigues 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 aRgy 5. Example of a control data flow graph.
characterized. This is done by simulating the design on a work-
station starting from the set of cuts that precede a designer- Legend S MR ASICH ASICH ASIC
lected checkpoint. The starting checkpoint is selected by t [ e instuction thar v
designer and should appear prior to the error occurrence. 7 e beawetlo

Part of the computation

functional error is diagnosed using a synergy of design simu | = vhich e core o
tion and emulation. Upon error diagnosis, the error is correct Computation §
by updating the hardware and/or software or masking the er | oo . £
using hardware/software workarounds. and ourput =

PC computation with S
B. Background Definitions P °

In this section, we present a formal description of the te
minology used in the remainder of the paper. The syntax ol _
targeted computation is defined as a hierarchical control- dia:ta
flow graph [24]. The CDFG represents the computation assét
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. This section describes the key steps of the design-for-de-

Definition 1: A variable assignment of a CDFG is a uniqué®ugging approach. Fig. 6 illustrates the technical details of the
mappingV; — R; of all variablesV; € CDFG to a register Process of cut I/O. The instrumentation of the code, which
R; € ASIC. runs on the MPC, starts the cut export process. For example,

‘Definition 2: A schedule of variablé/; in a CDFG is de- as shown in Fig. 6, it first sends a signal (start ASIC) to the

termined by the control Staﬁ’Start Whenv is created and the ASIC's that starts the cut Output sequence of all ASIC’s. The
control stepgrirst Clast whenV; is used for the first and last Process of their cut I/O is statically scheduled. Cuts of cores

times, respectively. ASIC1 (Cutl) and ASIC3 (Cut2) are interleaved, and the cut of
Definition 3: Read lifetime of variabld’; stored in register core ASIC4 (Cut3) is output after the cuts of cores ASIC1 and
R begins at the control Step when Varia@l’ﬁis created until ASIC3. Since the cut I/O of the ASIC's is Statica”y SChedUled,
the control step when variablé is overwritten inR by another the MPC knows when the ASIC cut export is complete. At that
Vanab'ev or its value for the next iteration. pOint the MPC pOllS [Start SPC(|)] the cut I/O control of each
Definition 4: Write lifetime of variableV; stored in register SPC’s in the system. Upon receipt of this signal, the virtual
R starts at the control step when Va”aMas Computed and tri-state gate that controls the actual I/O of cut variables onto
ends at the control step when Varia@[ﬁis used for the first the shared bus is enabled. The instrumented code running on
time. the SPC has to be able to assure that exactly one cut I/O (Cut
Definition 5: A port is a set ofK’ 1/O pins. When variable SPC) is completed. Once its cut is dispensed, the SPC sends a
V is assigned to potP, thenV is output or input in its entirety signal back to the MPC that acknowledges one successful cut
through port? in one control step. I/O process. At that point, the MPC initiates its own cut 1/O,
Definitions are depicted using Fig. 5. In Fig. 5, a scheduledhich represents the end of the cut I/O process.
and assigned CDFG is presented. Registers, which store the
variables, arék1, R2, andR3. Exact clock cycles when opera-~ ASIC Design-for-Debugging
tions are executed are also depicted. The last control step wheBuring the design of an application-specific core, debug func-
the variable stored i1 is used is at’1. Since no variable is tionality is added as a postprocessing step. This functionality in-
stored inRk1 afterC'1 until C3, itis said that the read lifetime of cludes a set of register-to-output interconnects that enables the
the variable stored i1 spreads over the entire iteration. Theaxport of a number of different cuts and a hardware feature that
write lifetime of a variable can be observed on the example ehables the system integrator to select a specific cut. The mo-
variable stored i?2. It is computed at control ste@il and used tivation of enabling multiple cuts for I/O is as follows: 1) the
for the first time in the next consecutive control step. Hence, itkesigner often does not know the system integration constraints
write lifetime includes only the control step2. during the design of an individual component and does not want

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

IV. DEBUGGING AND REAL-TIME CUT EXPORT
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to modify the design upon request at integration time and 2) theThe instrumentation process is performed in four phases. In
system integrator can benefit from multiple cuts if hard-to-solube first phase, the minimal-size cut for each statically sched-
scheduling instances are encountered. uled user-defined SDF computation island running on each
The I/O of variables of a particular computation cut is enablga@togrammable core is identified. An SDF computation island
by explicit connection of registers that store these variablesitoa SISRAM computation is a set of instructions that process
the 1/O ports of the ASIC (if these registers are not already coimput data following the SDF computation model. The SDF
nected). On the other hand, note that one subset of registers m@ayputation islands are triggered by interrupts and executed
be used for I/O of a number of different cuts. This property giseudoperiodically accordingto the input datarate. Inthe second
the register selection for cut I/O can be used to enable selectitase, the code is augmented with debug instructions that per-
of the particular cut to be output at integration time. The goalferm cut 1/O. In the third phase, we identify the cut variables
to achieve more flexible cut I/O in the cases when multiple coresitside the SDF islands. Last, we instrument the code with
are outputting their cuts on the same bus or the developed cm&ructions that initiate and call the function performing the
is used as a subblock in a larger core. The integrator controls #ystem state 1/0. Usually, the call to this function is placed in the
selection of a particular cut using, for example, different contratain loop of the program. Using profiling tools, the designer

microcode. determines the best location and frequency of calling of this
o _ function. The fourth phase of instrumentization for debugging is
B. Code Compilation-for-Debugging currently not automated.

In general, each programmable core has two components in
its cut: instruction-accessible states (e.g., general-purpose re§isntegration-for-Debugging
ters) and states nonaccessible using machine code (e.g., brangthe ASIC developer provides the system integrator with
prediction hardware, caches, and pipeline latches). The pariffbrmation about the set of cuts that can be enabled. For each
the cut accessible to instructions is transferred using debug X8IC, the variables and control steps at which they can be dis-
structions that are instrumented into the original code. The p@ensed through the virtual pins of the ASIC are given. The system
tion of the cut that is not accessible by instructions can be gxtegrator faces three design problems. First, for each ASIC, a
ported in several ways. Many state-of-the-art processors proviglagle cut has to be selected. Second, the selected cuts, jointly
built-in debug ports that control breakpoint, pipeline and gewvith the primary inputs and outputs, are scheduled for /0 over
eral-purpose registers, and memory access logic [30], [12]. Ahe available set of pins. We integrated these two phases into a
ternately, flushing of caches, pipelines, and/or branch predictigght optimization loop, which searches for a feasible scheduling.
can be used as means of state invalidation. However, this @gst, if no scheduling is found, the ASIC cuts are transferred
proach may decrease the performance of the debugging systesguentially in such a way that notwo scheduled cut variables

Such deficiency may be unacceptable for debugging real-tige displayed on the system busin the same control step.
systems. An alternate approach is to shadow the invisible states

in such a way that at the moment of cut I/O the programmable V. DESIGN-FOR-DEBUGGING ALGORITHMS
core continues processing using one copy, while the shadowed , o
copy is transferred to the monitoring workstation. Upon transfer, In this section, the optimization problems related to de-
the shadowed copy is updated with the latest changes. _S|gn-f0r-(_jebugg|ng are_|d_ent|f|ed, the|r computation complexity
The debug instructions can be added either before |§restabllshe_d, anq gfflcllent algorithms are developed. There
after compilation. While the precompilation choice required'® thrée main optimization problems related to the support for
in-source-code embedding of cut I/O instructions (for exampl@€Pugging: 1) finding aminimal cut of a program being executed
used in the MIPS Pixie [26]), the postprocessing step encoff! & PC; 2) finding a set of reglster—to—o_utput interconnects th_at
passes object code instrumentation similar to that implemenfpPIes a large number of nonoverlapping cuts; and 3) selection
in Purify (Purify uses this technique to locate memory acce8ta cut for each_ASI_C_such that the 1/O of all cuts is interleaved
errors) [11]. The precompilation approach has a significaff'd conducted inminimal number of control cycles.
advantage due to independence with respect to the hardware .
platform. Debugging platforms that can provide real-time JTAG: Code Instrumentation for Cut I/O
support for such an approach have been already developed arithe export and import of cut variables of computations
marketed. executed on programmable cores is performed by executing
An example of instrumented code is given in Fig. 4 whemebug instructions embedded into the original code by a compi-
the programmable core executes a second-order direct-form léRon postprocessing tool. The embedded instructions impose
filter. The instruction OUT(D[N]); is used for observability andan overhead on the program performance and storage. The
if Debug D[N] := IN; for controllability. Controllability in em- code size overhead is directly proportional to the cardinality
ulation is beneficial because of the following application. Thef the selected cuts. The number of embedded instructions
designer can change easily the state of the computation in saiso affects the number of required cycles, and therefore the
ulation. Next, as a part of the debugging process, using entime overhead to output the programmable core cut. These two
lation controllability, the designer can transfer the computatiggroblems are not identical since different code segments can be
state from simulation to emulation, and hence restart the coaxecuted with different dynamic frequencies in the SISRAM
putation in emulation with an arbitrary computation state ascamputation model. Since in Section VI the timing overhead is
starting point. 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  Create a set SCC = Sce(CDFG(V, E)) of SCCs [Cor90]
optimization problems are strongly positively correlated in the For each SCC; € SCC

: P : If (]SCC;| = 1) Delete SCC; from SCC
sense that a good solution to one of the problems implies higt Repeat LOOPS Times

likelihood for a good solution to the other. CUT = null
PROBLEM: PC Cut Selection. While SCC # empty
INSTANCE: Given a computation presented as directed For each SCC; € SCC
cyclic graph and an intege¥/ . ggl‘f”;‘aig";’(’)‘;?’;ﬂscci)
QUESTION: Is there a subset of edges that correspond to Compute scc = Scc(SCC; — Vi ;)
node output);, ¢ = 1,..., N such that when deleted leaves OF(scc) = (1 + ) Zl‘ffl(lscql . NEdges(scc;)),
no directed cycles in the graph, and that< A7? where o is random number o € {0, Fcl?lf}
The PC Cut Selection is an NP-complete problem since there Select Vi j — OF(sce(SCC;, V5, 5)) is minimal
is one-to-one mapping between the special case of this problen Delete V; ; from SCC;
when all operations in the computation are executed exactly thi 5CC = 5cc(SCC;, Vig)

. o o For each SCC; € SCC
same number of times, and the problem is finding the minimal If (JSCC;| = 1) Delete SCC; from SCC

feedback arc set [8]. CUT = CUT U E; ;
To address this problem, we have developed a heuristic sur _If ((CUT| < |[BESTCUT|) BESTCUT = CUT
marized using pseudocode in Fig. 7. The heuristic initially par- fteturn BESTCUT

. : . Procedure GraphCompaction(SCCj;)
titions the graph into a set of strongly connected component: For each vertex V; € SCC;

(SCC's) using the breadth-first search algorithm [5]. This al- If V; has one input edge Ej; with a source in Vj
gorithm has complexity)(V + E), whereV is the number of Foreach edge E; &
vertices and~ is the number of edges in a graph. All trivial Create edge Fj s

Delete E; &

SCC's, which contain exactly one vertex, are deleted from the Delete E;; and Vi

resulting set since they do not form cycles. The algorithm then -

It_er_atlvely performs Seve.ral processmg ;teps_on each of the nEiB._ 7. Finding the cut of the third-order Gray—Markel ladder IIR filter. The
trivial SCC’s. At the beginning of each iteration, to reduce th&iginal CDFG for this filter structure is presented in Fig. 1(a).

solution search space, a graph compaction step is performed. In

this step, each patlf : A — B, which contains only vertices of time nonoverlapping small cuts. Such a subset of registers
V € P,V # Awith exactly one variable input, is replaced withgives the system integrator more flexibility to find a scheduling
anew edge: 4 p that connects the sourekand destinatiotB  solution for interleaved cut I/O. We introduce a heuristic search
and represents an arbitrary selected edge (variable) of the s@jective and algorithm for such subset of registers.

path. 1) Heuristic Definition 1: A “debugging prospective reg-

In the next step, an objective function decides which nogéter subset” is a subset of registéts i = 1, . .., Ry that de-
(variable) in the current set of SCC’s is to be deleted. The funfines a set of\f distinct cutsC;,7 = 1, ..., M that satisfies the
tion analyzes, for the deletion of each vertex, the cardinality arsliowing two statementsR,; < Max and
the vertex cardinalities of the new set of SCC’s. The vertex that
results in the smallest objective function is deleted from tHeF(Ci,i =1,..., M)
set of nodes as well as all adjacent edges. The deleted vertex Zf\il Ywvec, LifeTimeQ(V)
is added to the resulting cut. The process of graph compactich, 7 : - -
candidate node deletiogn evaluatign, node dgletriJon, anz graph(ZZ:l 1€il) - (Xvcontastepcs LiveVariables (CS))
updating is repeated while the set of nontrivial SCC’s inthe grapfhere function LiveVariables (CS) returns the number of vari-
is not empty. The set of nodes deleted from the computatigBles alive at control step C¥ is a given real number, and
represents the final cut selection. M, Max, Ry are given integers.

Consider the example shown in Fig. 8. The CDFG of the The definition of a debugging prospective register subset
third-order Gray—Markel ladder IIR filter has only one nonforces selection of registers that define a set of cuts with large
trivial SCC. The graph compaction step is explained in Fig. 8(girdinality, small cardinality of containing cuts, long lifetimes
where vertexB3 is merged with vertexi as well as variablé¥  of containing cut variables, and nonoverlapping lifetimes of
merged with variablé’. In Fig. 8(b), an example of node dele-yariables in the set of cuts. These three properties of the se-
tion is described. The deleted node creates two smaller SCQ&eted 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

The goal of the ASIC design-for-debugging process is t@ith the smallest possible constants Max aAd where
assign a minimal number of register-to-output interconneatenstant Max has priority ovek .
such that large number of complete cuts can be output from thePROBLEM: Debugging-Prospective Register Selection.
core. An additional constraint is set on the timing occurrenceINSTANCE: Given scheduled and assigned CDFG, real
of these cuts. Since the core developer does not know rinmber MinOF, and integer MinCard.
advance the multicore system configuration, i.e., the futureQUESTION: Is there a subset of registerB;,i =
scheduling constraints of the cut variables, its search for a setlof. ., Ry, that determines a set aff distinct CDFG cuts
register-to-output interconnects is targeted for a large numhgy, ¢ = 1,..., M, and has Of;,¢ = 1,..., M) < Min and

B. Cut Selection and Register-to-Port Interconnection
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for deletion
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SCCs when V is deleted

b) An example of edge deletion
and creation of new SCCs.
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Create a set SCC = Scc(CDFG(V, E)) of SSC [Cor90].
For each SCC; € SCC
If (JSCC;| = 1) Delete SCC; from SCC
Repeat LOOPS times
Starting set of registers SR = null
While SCC # empty
For each register R; 5 SR
Compute scc = Sec(CDFG — E; j|E; ; € R;)
Select the register R; which results in minimum
OFR(Ry,SR,CDFQG) and delete all variables
held by Ry from SCC;
SR=SRUR;
SCC = SCC(SCCi,E",ﬂEi,j € Ry)
For each SCC; € SCC
If (JSCC;| = 1) Delete SCC; from SCC
If (OF(SR) > OF(BESTSR)) BESTSR = SR
Return BESTSR

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
SCCcarR, CDFG returns the sum of squares of cardinalities
of strongly connected components saden all variables held

by registerR are deleted from the CDFG. LiveVariabt¢€S,

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 iterategltimes (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 1/0 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.

Fig. 8. Finding the cut of the third-order Gray—Markel ladder IIR filter. Thgqn the first subtask, atleast one cut is selected for each ASIC.

original CDFG for this filter structure is presented in Fig. 1(a).

The second phase encompasses a search within the common
multiple (CM) of periods of all ASIC’s in the system for a subset

Ry < MinCard? A special case of the debugging registef cuts that can be scheduled in the fewest successive control
selection problem, with no register sharing among CDFG corsteps. The third task encompasses scheduling of the system cut.
putation variables and no additional heuristic requirements, isAs an input to the algorithm, the system integrator is pro-

equivalent to the problem of finding the minimal feedback andded in a table where each row represents a list of variables
set [8]. Therefore, debugging-prospective register selectiortligt constitute an ASIC cut and a range of control steps when

computationally an intractable problem.

each variable can be read or written. In order to reduce the size

We developed a heuristic to search for a debugging prospetihe table, we treat a list of consecutively alive variables in a
tive register subset in a scheduled and assigned CDFG. Hirggle cut that are stored in the same register and that are de-
algorithm is formally explained using the pseudocode ipendent only upon the variable previously stored in that register
Fig. 9. First, the algorithm partitions the CDFG into a seexceptthe first variable in the list) as a single “compacted” vari-
SCC of SCC’s. Then for each regist&t, the heuristic, using able. An example of such a cut table, which corresponds to the
the objective function described below, evaluates the set @DFG of the third-order Gray—Markel ladder filter presented
strongly connected subgraphs scescc that are a result of in Fig. 1(a), is depicted in Table I. Since the output variables
deletion of all variables held by registét;. The objective of operationsA1l and C1 fulfill the above requirements and



48 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 8, NO. 1, FEBRUARY 2000

TABLE | Cut Selection Preprocessing:
PseubocobpE Fé);AF';gHGJT SELECTION For each ASIC;

Create a list L; of cuts CS; ; in decreasing order of

average life-time of contained variables.
Cut Selection:
Repeat LOOPS times

For each ASIC;

Select cut CS;; € L; where j is an index selected

are stored in the same registBi, we represent these vari- among all other indexes with probability proportional
ables using a single variable (denoted as “compacted” in t to the square of average life-time of variables in CS;,;

. .. . ) . |ASIC|
remainder of the text). Similarly, output variables of operatior ~ Range =3 5.20""" |CSq -

Variables and their life-times
A1-C1 (1,2) [ A3-C2 (4,5) [ A5-C3(78)

. Repeat
-

(A:% and 02,) aqd (f40 and 03) are CompaCt_ed .as two dIStIn(.:t Find the set TIME of Range idle consecutive control
variables with lifetimes that span over the lifetimes of the ori¢ steps in the CM of periods of all ASICs that contain the
inal variables. cuts of all CS; ;.

In general, each ASIC can have a different period of its o F"; each :“"{)E:t efT;%% distinet cuts of

. . or each subst 0 1StincCt cuts o
going computation. T_herefor_e, we use th(_e CM _of all, as tt each ASIC encompassed with TIME,
system ASIC debugging period. Within this period the algc Schedule CS;,; in TIMEp.
rithm tries to find a feasible schedule of variables of all ASI( If schedule found
cuts such that the range of control steps is minimal between - and in shorter time than the best schedule

. . . then best = current schedule.

moments when the first and last cut variable in the ASIC su Range — Range + L.
system are output. The problem is formally stated in the fC  until Range > BestRangeor Range == |LCM]|.
lowing way. Cut Schedl.lling: [E"achedule CS;,; in TIMEp]

PROBLEM: Cut Selection and Scheduling. R‘;{;‘f_a:;’}’f‘l ;ﬂrg’;‘:::zs‘:hedmed

. ; 3

INSTANCE: Given a set of cores ASIC, a set of cuts 'Compute its constraint C;.constraint as sum of
CUTcqre for each core CORE ASIC, a set of variable® for m for each variable V alive at C;.
each cutC' € CUT¢qe, @ set of control steps GSor which For each variable V;
each variables € V is alive, a set of CS control steps at whict Compute its constraint V;.constraint as sum of constraints

. . . of control steps at which V; is alive.
Chlp ports are idle, and Integer MaXRange' Select N most-constrained tasks and exactly schedule them
QUESTION: Is there a selectiofi of a cut CUVCC; foreach at control steps with the smallest sum of constraints.

ore

core, such that for each variablec CUT/,__ exists distinct

control steps C§ € CS at which the chip port is idle, no twoFig. 10. Pseudocode for the cut selection and scheduling algorithm.
variablesv € CUTL ., w € CUTéoreQ are scheduled for

transfer C$ # CSZ through the chip port at the same idle Once cuts for all ASIC’s are selected, the next step is to find,
control step, and that thaax(CS{ — CS)) < MaxRange? within CM consecutive control steps, the smallest subsét/ of

The problem of scheduling a subset of variables in a CDR&nsecutive control steps in which the variables of the selected
[13] is a special case of the cut selection and scheduliogts can be scheduled. The search is initiated by determining
problem. Since the former problem is NP-complete [13], thtbe lower bound on the range of control stéds= M,,;, for
cut selection and scheduling problem is also computationaikhich all cuts can be dispensed. This bound is equal to the sum
intractable. We developed a most constrained, least cai-the cardinalities of all ASIC cuts. Next, within the frame of
straining heuristic in order to provide a competitive solution t&M consecutive control steps, a set TIME is found where each
this problem. The heuristic is explained using the pseudocoelement TIME, € TIME represents a particular subsetgf
in Fig. 10. consecutive control steps that contains at lédgt,, idle con-

The developed algorithm addresses simultaneously the cuttsel steps, and for each variable of all ASIC cuts there must be
lection and scheduling by integrating heuristics for their solat least one of these idle steps in which it is alive. One frame of
tion in a tight search loop. Initially, for each ASIC, the availableontrol steps TIME may “contain” more than one of the avail-
cuts, all of equal cardinality, are sorted in decreasing order widlble cuts for one ASIC. Therefore, for each combination of cuts
respect to the average lifetime of contained variables. The s&thin TIME,,, a scheduling heuristic is performed.
lection and scheduling search loop starts by selecting one cuThe scheduling heuristic iteratively constructs the solution by
for each ASIC from its list of available cuts. In order to provideelectingV most constrained cut variables and scheduling them
search randomization and at the same time give priority to csactly at theV least constraining control steps. The functions
with lower indexes, i.e., cuts that contain variables with long@ised to quantify the constraint are given in the pseudocode in
average lifetimes, the probability of selecting a particular cut i5g. 10. If feasible scheduling is found, the range of the solu-
made proportional to the square of its average variable lifetint@n v, is compared to the best current solution and if more

OFR(E, SR CDFG) = SCCcafR, CDFG) - 3, ControlStep C&iveVariables(CS SR)
Svver LifeTime? (V)
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TABLE I
PSEUDOCODE FOR THEDEBUGGING PROSPECTIVEREGISTER SUBSET SEARCH
Architecture Debug information
Area (mm?) cut Area overhead
ASIC Period | Variables | ALU | Reg [ Mux | Total | cardinality | (mm 0
Cascade 14 51 2.79 0.73 | 0.36 3.88 2+4 0 0
Continued Fraction 19 53 4.28 | 1.09 | 0.31 5.69 2+ 8 0 0
Direct Form II 10 53 10.65 | 1.45 | 0.57 | 12.68 241 0 0
Parallel 10 57 3.56 | 0.70 | 0.41 4.67 2+ 4 0 0
Parallel 9 57 4.70 0.71 0.38 5.79 2+ 4 0 0
Modem | 20 ] 50 | 183 JO71 J 025 [ 279 ] "2+1 [ 0.01 [ 03
Lin3 10 86 13.11 | 1.51 | 0.78 15.40 540 0 0
Lin3 15 86 6.63 1.48 | 0.58 8.70 6+ 0 0 0
Mat 15 29 2.21 0.39 | 0.04 2.65 440 0 0
Ellip 15 50 4.42 0.81 0.22 5.46 540 0 0
Volterra [ 15 ] 40 [ 141 T035] 013 [ 1.8 [ 2+1 | 006 | 3
TABLE Il
TABLE OF CUTS FOR THETHIRD-ORDER GRAY—MARKEL LADDER FILTER
Application-specific System | Number of system Control steps required
core mix period output variables to output the system cut
Cascade, Modem, Direct Form II, Volterra 20 15 18
Continued Fraction, Lin3 (T=15) 19 16 17
Parallel (T=10), Mat, Ellip 15 15 15
Lin3 (T=10), Lin3 (T=15), Continued Fraction 22 21 22
Cascade, Direct Form II, Parallel (T=10), Mat, Ellip 31 24 27
Continued Fraction, Mat, Direct Form II, Modem 21 20 20
Parallel (T=10), Modem, Direct Form II, Cascade 19 18 18
Parallel (T=9), Ellip, Lin3 (T=10), Volterra 21 19 20
Parallel (T=9), Lin3 (T=10), Lin3 (T=15), Volterra 25 20 23
All cores in Table 2 61 57 59

competitive is memorized as the best. If feasible schedulingvigich functional I/O is performed while the second number is
not found, the control step rangé is increased and the searchthe number of control steps at which the cut variables are 1/0.
procedure is repeated until for a given set of cuts schedulingAmally, the last two columns show the final total area and the
found or the current range exceeds the scheduling range of fleecentage area overhead. For all designs, the cut selection al-
current best solution. The best scheduling solution is the one tjatithm succeeded to find competitive solutions in less than five
a minimal number of consecutive control steps inputs or outpugsconds on a Sun UltraSPARC-II.
the variables of each ASIC in the system. 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 Ill. While in the first column the core mix is specified,
the second column presents the common system period. The last
We have conducted a set of experiments to evaluate the ®fo columns present the number of variables of all cuts in the
fectiveness of our system debugging paradigm. Table Il shossgstem that have to be transferred in one system period and the
the set of application-specific cores that were used, and tlange of control steps in which this transfer is accomplished. By
area overhead introduced by the design-for-debugging postptomparing the last two columns, it is self-evident that we effi-
cessing step that introduces hardware to enable cut I/0. The aipntly utilize the idle control steps in order to transfer cut vari-
plication-specific cores include a number of Avenhaus IIR filables. For all design integrations, the cut selection and sched-
ters, several linear controllers, a nonlinear volterra filter, anduding algorithm succeeded to find competitive solutions in less
modem. The designs were synthesized using HYPER [24]. thran one second on a Sun UltraSPARC-II.
the first column, the name of the core is presented followed inLast, in order to evaluate the feasibility and overhead of em-
the next six columns with core architecture data, such as thedding instructions for programmable core cut I/O, we instru-
length of one iteration in control steps, number of variables mented the code from the MediaBench benchmark suite [16]
the application-specific computation, core area dedicated to thih instructions that dispense the program cut out of a gen-
execution units, registers, multiplexers, and total area. In coluraral-purpose processor. The experimental results are presented
eight, the number of variables in the smallest cut is presenteding two subtables in Table IV. The first column of each sub-
The first number in the sum is the number of control steps tble presents the name of the multimedia application. The next

VI. EXPERIMENTAL RESULTS
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TABLE IV
PSEUDOCODE FOR THECUT SELECTION AND SCHEDULING ALGORITHM

Application Variables cut % of Vars Application Variables cut % of Vars
cardinality for I/O cardinality for 1/0O
ADPCM.enc 22 6 27% PEGWIT 101 14 14%
ADPCM.dec 13 5 38% PGP 970 33 3.4%
D/A Converter 213 3 1.4% GSM.enc.dec 140 12 8.6%
GT21.enc.dec 28 2 % JPEG.enc 513 17 3%
epic/unepic 298 32 11% MPEG2.dec 432 24 5.5%

two columns quantify the total number of variables in the pro-[13]
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 succeeddth

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 thergl
fore, present a direct transfer cost.

VIl. CONCLUSION

This paper has introduced the first approach to functional verg, o

ification of statically or dynamically scheduled programmable
SOC's that coordinates design emulation and simulation. WE&O0]

have established the complexity of all optimization tasks an(fi21

[15]

(17]

(18]

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 observi23]
ability and controllability have been enabled with low hardware
and performance overhead.

(20]
[11]

(12]
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