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ABSTRACT

FPGA prototypes have become an increasingly important

part of the overall integrated circuit design and verification

flow, providing the ability to test an integrated circuit run-

ning at (near) speed with realistic inputs and outputs. When

unexpected behaviour is observed in the prototype, it is nec-

essary to determine the source of this behaviour; this usually

requires observing signals that are internal to one of the de-

vices in the prototype. Tools currently exist to enable FPGAs

to be instrumented, but these are normally used in a reactive

manner; that is, instrumentation is only added after incorrect

behaviour has been observed. In this paper, we propose spec-

ulative debug insertion, in which a tool automatically predicts

what signals will be useful during debug, and instruments

the design during the first compilation. If done correctly,

this can significantly accelerate the debug process, especially

for large prototypes containing many FPGAs. However, it

is important that this does not negatively affect the perfor-

mance, capacity, power, or compilation time. We show that

speculative debug insertion is possible, and experimentally

evaluate the limits to speculative insertion.

1. INTRODUCTION

Designing integrated circuits that function correctly has be-

come increasingly challenging. Not only does increasing

device capacities and faster speeds lead to more complex

chips, but the prevalence of SoC design methodologies in

which pre-designed IP blocks are combined together onto a

single chip often leads to unexpected interactions. Verifica-

tion of these complex chips has become extremely difficult,

and often dominates the time to create working silicon.

Although simulation is an essential verification tool, many

design errors will not be uncovered by even the most com-

prehensive simulation plan. Simulation can run a billion

times slower than actual silicon [1], meaning that only an

extremely small subset of all operations can be simulated,

even when the simulation is accelerated by dedicated hard-

ware [2]. In addition, simulation models can not normally

interact with off-chip stimuli, and rely on models that may

or may not accurately reflect the environment. As a result,

designers regularly resort to FPGA-based prototyping of their

designs. Large prototyping boards, often containing multiple

FPGAs, are available [3]. Designers can use these boards to

test their designs much more thoroughly than is possible in

simulation, and to observe their chips running in-situ with

real-world stimulus.

When unexpected behaviour is observed in a prototype

system, it is necessary to determine its cause. Incorrect

behaviour may have many causes including design errors,

incorrect software or firmware settings, or invalid assump-

tions about the environment in which the design operates.

This debugging task is difficult, primarily due to a lack of

observability in the prototype. Unlike simulation, in which

any signal in the design can be observed, in a prototype sys-

tem, only signals which appear at the pins of an FPGA can

be observed. This lack of observability makes it difficult for

a debugging engineer to deduce the cause of any unexpected

behaviour.

Observability can be enhanced in several ways. FPGA

vendors provide tools (e.g. SignalTap II, Signal Probe, and

ChipScope Pro [4, 5, 6]) which allow the designer to instru-

ment their design and bring important signals to the output

pins or to on-chip trace buffers for observation during debug.

Third-party tools are also available [7, 8]. Although some of

these tools (such as SignalTap II) allow a limited amount of

reconfiguration after the circuit has been compiled, in most

debugging scenarios, the designer must use the tools to in-

sert the debug logic before the circuit is compiled. In many

cases, designers will compile the “first cut” of their design
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Fig. 1: FPGA Prototyping using a Trace-Based Approach



without debug instrumentation, and then when unexpected

behaviour is encountered, determine which signals would be

desirable to observe, instrument their design, and recompile.

With compile times of large FPGAs steadily increasing [9],

this can severely limit debugging productivity, especially for

prototypes spread across multiple devices.

In this paper, we propose an alternative. Rather than

waiting until unexpected behaviour is observed and then

instrumenting and recompiling, we propose that the FPGA

CAD tool speculatively insert debugging instrumentation

every time a circuit is compiled. Before compilation, the

CAD tool could determine which signals are likely to be

important, and insert debug instrumentation to make those

signals observable. Ideally, this would be entirely automated

and transparent to the user; the user only needs to become

aware of the instrumentation (and benefit from the extra

visibility available) during debugging.

Although the added observability will be valuable during

debug, inserting logic speculatively can have a number of

drawbacks. First, it is important to limit the amount of inser-

tion as to not increase the number of FPGAs required. Since

prototypes often contain only partially-filled FPGAs (due to

limitations in partitioning of large designs), there will often

be extra room for significant debug logic. It is also important

that the extra debug logic does not place additional stress

on the routing fabric, so as to not increase the critical path,

nor increase the compile time due to the added routing pres-

sure. Finally, it is important that the CAD tool intelligently

choose which signals will be instrumented; recently, several

algorithms for automatic signal selection for on-chip circuit

debug have been described [10, 11], and those algorithms are

appropriate here.

This paper shows that speculative debug insertion is fea-

sible and investigates to what extent each of the concerns in

the previous paragraph limits how aggressive an automated

tool should be. The paper is organized as follows: Section 2

describes background work and Section 3 explains our specu-

lative insertion flow in detail. In Section 4, we review several

algorithms for signal selection and describe the new algo-

rithm used in this work. Section 5 investigates what limits

exist for our speculative flow, and how they would affect the

aggressiveness of any debug solution. Using these limits,

Section 6 presents our speculative insertion tool and shows

an example application.

2. BACKGROUND

The primary challenge with debugging a prototype system is

the lack of observability. Due to the limited number of I/O

resources that can be used to access internal signals, it is very

difficult for designers to deduce what is happening inside

each chip. When a circuit does not function correctly, it is
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Fig. 2: Trace-Based Debug Instrumentation

important to understand the behaviour of the chip in order to

identify its cause.

As with ASICs, there are two main approaches to FPGA

debug: scan-based and trace-based. The advantage of a scan-

based approach are that all flip-flop values on a circuit can

be observed; but in order to do so, requires the circuit to

be precisely halted (for example, by disabling its clock) to

allow its node values to be shifted out. In an FPGA, scan

functionality can be emulated using general-purpose logic or

by using bitstream readback techniques. Reference [12] de-

scribes one method of implementing scan-chains by using the

general purpose logic resources on FPGAs to serially connect

all flip-flops and embedded RAM blocks in the user circuit.

This incurs an 84% increase in area and a 20% increase in

delay. An alternative technique for viewing the current state

of an FPGA is by reading back its configuration bitstream.

BoardScope [13] is one such tool, compatible with Xilinx de-

vices, which allows a user to observe or modify the value on

any resource in their FPGA. However, BoardScope operates

only at the resource level (as identified by its row/column

location) and is unaware of the user circuit, leaving it up to

the designer to translate between any signal at the RTL level,

and its physical location on-chip.

Trace-based approaches require inserting trace buffers

and control logic in order to record a small subset of pre-

determined signal values, as illustrated in Figures 1 and 2.

By storing these values on-chip, a sequence of states sur-

rounding an error can be captured as the device continues

to operate at full-speed, removing the need to halt the de-

vice every time an observation is to be made [4, 5, 6, 7, 8].

Importantly, the signals to be observed must be selected at

design-time, before the nature of any bugs is known. In most

cases, modifying this set of traced signals requires a lengthy

recompile, although its impact may be reduced by using in-

cremental compilation techniques. Due to the high cost of

storing signals values into on-chip memory, it is necessary for

the designer to select only the most interesting and relevant

signals for observation, which can be a difficult and tedious

process. The area overhead of trace-based designs depends

on how many signals are observed, and how long they are

observed for.



�������

���������

��	A��

	�A�BC

DEF������
��A������

DE������

���A����C�
�CA�����CA����
��������

�E������CA���
��������

 !�����������
�C������B

"�A

#E

#E

"�A

(a) Existing reactive flow

�������

���������

��	A��

	�A�BC

DEF�������
��A������

DE������

��������	A��B
�CA�����CA���

�������������
�C������B

��A

�E

�
�
�
�
�
�
�
 

(b) Proposed speculative flow

Fig. 3: Existing and Proposed Design Flows

3. SPECULATIVE INSERTION

In this section, we describe our speculative debug insertion

flow, and the framework within which it operates. Figure 3

shows a typical prototyping flow along with our specula-

tive flow. In the typical flow, a designer first maps his or

her design to the FPGA prototype using standard compila-

tion tools (this often requires maniplating the original design

to make it more amenable to FPGA implementation). The

implementation is then tested, often in-situ. If incorrect be-

haviour is observed, the designer can then use tools such as

SignalTap II or ChipScope Pro to add instrumentation to the

circuit. Typically, at this point, the designer will use his or

her understanding of the nature of the failure to carefully

determine the number of signals that will be observed and

the size of the trace buffers. The circuit is then recompiled

(sometimes using incremental techniques) and the error re-

produced. The designer can then use the data in the trace

buffer to help narrow down the cause of the failure, possibly

using formal techniques such as [14]. We refer to this typical

flow as reactive or post-mortem, since instrumentation is only

done after a failure is observed. FPGA compile times are sig-

nificant, often taking as long as a day for a large FPGA. For a

board with many large FPGAs, each compilation “spin” takes

significant time, leading to a time-consuming debug flow.

Our proposed speculative flow differs in that, before com-

pilation, the tool will automatically determine a set of signals

that it predicts may be useful during debug and instrument

the design accordingly, without intervention from the user.

In FPGA prototypes, pin constraints often dictate that each

FPGA is not filled to capacity (often far below capacity). Our

speculative flow uses these unused resources to implement

debug circuitry. Figure 3b shows that the design is instru-

mented before the first compilation, meaning that when the

implementation is tested, it is possible to immediately obtain

debug data without recompilation, providing a “head start”

in the debugging process.

It is important to note that the speculative flow can co-

exist with the reactive flow. Each iteration, the designer may

add instrumentation as in the reactive flow to provide visibil-

ity into signals that he or she deems important. During the

recompilation, the tool can supplement these selected signals

with signals that it predicts may also be useful, hopefully

leading to more debugging information. The number of extra

signals that the tool can select depends on the amount of

spare resources in the FPGA. In this work, we assume that

the trace buffer is operated by an external trigger signal and

select only the signals that are to be sampled.

The success of this flow depends critically on two factors.

First, the tool must be able to effectively and automatically

select signals for observation. This will be discussed in Sec-

tion 4. Second, the tool must be careful not to add so much

instrumentation that the designs targeted for each FPGA no

longer fits in that device. In addition, it must ensure that the

extra logic does not lead to congestion that may slow down

the circuit, increase power significantly, or increase place and

route run-time. These issues are the focus of Section 5.

4. SIGNAL SELECTION

A key component to the success of this speculative flow lies

in the ability to automatically predict which signals a designer

would likely want to look at in their circuit. By hand, signal

selection can be a lengthy and laborious process requiring

expert knowledge of the design, which in many cases may not

be readily available — for example, with IP blocks designed

by third-parties, and even with IP designed internally by

different teams, it is unlikely that a single expert exists to

determine how best to construct a global debug solution.

Recent work [10, 11, 15] have proposed several solutions

to this trace signal selection problem. These techniques aim

to enhance the visibility into the integrated circuits. The

intuition is that some signals will provide more insight than

other signals into the internal state of the chip. In [11], the

focus is on selecting signals from which the value of as

many additional signals can be deduced. For example, if

the input of an AND gate is observed to be a 0, the output

can immediately be deduced to be 0. The approach in [10]

attempts to select signals that reduce the size of the state

space as much as possible. For example, selecting two highly

correlated signals provides little additional information over

selecting just one of these signals on its own. Rather than

selecting two correlated signals, [10] argues that it is better

to select uncorrelated signals since together, they can better

prune the possible state space of the system. Commercial

signal selection algorithms also exist [7], however the details

of these algorithms have not been disclosed.



Based on these previous techniques, we created a sim-

pler, but more scalable, signal selection method for use in

this work. First, a connectivity graph is built in which ver-

tices are used to represent each register in the circuit, and

edges indicate the existence of a connection (possibly through

combinational logic) between pairs of registers. From this

connectivity graph, the centrality of each vertex is computed

and used to rank the importance of all registers in the design.

Using this method, we have observed that arguably important

signals — state machine bits, enable and bus control signals

— are ranked highly across several benchmarks.

It is important to note that these signal selection tech-

niques are not intended to produce better signal selections

than an expert designer having observed a malfunctioning

prototype. Our signal selections are used to automatically

predict which signals may be useful during debug in an at-

tempt to make effective use of spare resources on the FPGA.

As described in the previous section, these automated tech-

niques can be combined with manual signal selections to

provide even more observability into the internal operation

of the prototype.

5. LIMITS TO SPECULATIVE INSERTION

Inserting debug instrumentation into any FPGA design will

consume logic and memory resources. Although utilizing

these otherwise-spare resources may be thought of as being

‘free’ from an area perspective, it would not be desirable for

circuit performance to be affected. This section investigates

the limitations of speculative debug insertion by quantifying

the trade-off between how aggressively the circuit can be

instrumented and the overhead that will be incurred.

In the following experiments, we have used Altera Quar-

tus II v10.1 software (64-bit, single-processor mode) to im-

plement a LEON3 system-on-chip [16] design onto an Altera

Startix III FPGA. This design was configured as an eight-

core multi-processor with instruction and data caches, full

floating-point and memory management support, as well as

DDR memory controller, Ethernet and UART IP blocks all

attached to an internal AMBA 2 bus. Without any debug

instrumentation, this circuit consumes almost 100,000 ALM

(Adaptive Logic Modules, which are the basic logic unit

in Stratix FPGAs) resources, using up close to 70% of the

largest Stratix III device (EP3SL340). The design contains

47,000 user registers, which were ranked using the algorithm

described in Section 4. For each experiment, the highest

ranked signals selected for instrumentation. To limit exper-

imental noise, each configuration was compiled using ten

different random seeds, and the geometric average reported.

5.1. Impact on Area: Logic

To understand how much debug logic can be speculatively

added to our benchmark circuit, we first constructed a variety
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Fig. 4: Area: Trace Depth vs Logic Utilization

of instrumentation scenarios and measured their utilization

on the FPGA. Figure 4 shows the total logic utilization of the

instrumented circuit, after place and route, over a variety of

different trace configurations. The number of signal samples

stored by the on-chip trace buffer (its depth) is shown on

the X-axis, and the number of signals observed simultane-

ously is displayed as different data series. The utilization

value displayed on the Y-axis represents the number of ALM

resources partially or fully used in the implemented design.

We found that this was the most appropriate metric for logic

utilization as the other measures reported by Quartus II did

not account for blocked resources, making it impossible to

achieve 100% utilization.

To a first order, the logic area required for debug instru-

mentation is proportional to the number of signals observed,

but roughly independent of the depth of the trace buffer. This

suggests that a speculative debug tool can use the number

of available logic elements to determine how many signals

can be observed without increasing the size beyond the ca-

pacity of the FPGA. Where this breaks down, though, is for

the set of debug configurations with a trace width of 16K

signals which consumes all the logic resources present on the

FPGA. Recognizing that it costs approximately 20% of the

logic resources to trace 8K signals, it would be assumed that,

following from the existing trend, that to observe 8K more

signals would cost an additional 20%; this would exceed the

capacity of the chip. Yet, Quartus II is still able to imple-

ment this configuration by packing the logic more densely,

but as explored in a following subsection, this comes at a

detrimental cost to delay.

We have observed that almost all of the instrumentation

logic is formed of register resources. Although we cannot

examine the source code behind the proprietary SignalTap

IP to determine exactly how these registers are used, we be-

lieve that they are pipelining registers for routing between

observed signals and their trace buffers, in order to minimize
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Fig. 5: Area: Trace Depth vs Memory Utilization

their impact on timing. This matches with the previous ob-

servation that total logic utilization is unaffected by trace

buffer depth, because once the signals have been routed to

their memory resource, which are located in groups on the

FPGA, it becomes trivial to increase the number of samples

captured by connecting it to any of the other memory blocks

situated nearby.

5.2. Impact on Area: Memory

Figure 5 shows the corresponding plot for the memory uti-

lization. This utilization value captures only how many of the

M9K memory resources available on the Stratix III device

are being either partially, or fully, occupied. In our exper-

iments, we observed that Quartus II would resort to using

the larger M144K memory resources (which accounts for

approximately 40% of the total on-chip memory) only after it

had exhausted all M9K resources. As expected, the number

of memory resources required increases with both the width

and depth of the trace configuration. Because our metric

treats partially utilized memory resources as fully utilized,

the memory usage results are flat for configurations with 256

or fewer samples (the widest configuration of a M9K block

corresponds to a minimum depth of 256 words).

These results suggest that any speculative debug insertion

tool must also consider the amount of available memory when

determining how many signals can be observed, as well as

how deep each trace buffer can be.

5.3. Impact on Delay

Although making use of the unoccupied resources on an

FPGA is ‘free’ from an area perspective, the speculative

insertion of debug logic can be expected to impact the cir-

cuit’s performance. In our experiments, we left the main

clock of the LEON3 circuit constrained to its default value of
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Fig. 7: Delay: Trace Depth vs Peak Interconnect Utilization

150 MHz, which is not met either before or after speculative

debug insertion. Although over-constraining is not realistic

of industrial designs, this was necessary for us to accurately

quantify the impact of speculative insertion on circuit delay.

Figure 6 plots the estimated maximum clock frequency

of the implemented circuit, as determined by the TimeQuest

Timing Analyzer tool in Quartus II. Even though ten different

compilation seeds were employed for each debug configu-

ration, the results still exhibit experimental noise due to the

nature of the heuristic CAD algorithms. Nonetheless, the

results suggest that there is little impact on circuit speed for

all widths less than or equal to 8K (difference of less than

3%). For a trace width of 16K signals, however, Fmax is

reduced by over 10%. At this configuration, as discussed

earlier, it is necessary for the CAD tool to optimize for area

rather than speed in order to fit the entire instrumented circuit

onto the device.
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A related concern that designers may have is the effect

that speculative insertion may have on circuit routability. Fig-

ure 7 shows the peak interconnect utilization for all trace con-

figurations. Circuits instrumented with a width of less than

16K signals only incur a slight increase in peak utilization

over the original value of 51% (for which the corresponding

average interconnect utilization is 25%). This appears to in-

dicate that sufficient routing resources have been provisioned

for this FPGA device so that routability is only minimally

affected by debug insertion.

From these results, it is clear that the speculative debug

tool can use an estimate of the available resources on the

FPGA to determine the amount of instrumentation to add.

As long as the tool ensures that the capacity of the instru-

mented FPGA does not approach 100%, no impact on delay

should be expected.

5.4. Impact on Run-time and Power

Figure 8 shows the total CAD runtime for the mapping (syn-

thesis) and fitting (place and route) stages of Quartus II.

When adding sufficient instrumentation to the LEON3 bench-

mark to observe 4K debug signals simultaneously, a 10%

penalty to runtime is observed. The run-time goes up dramat-

ically when instrumenting 16K signals; this is because the

CAD tool has to work much harder to pack the circuit more

tightly into the device. In contrast, runtime appears to be

only mildly affected by the depth of the trace buffer, which

follows on from the previous observation that very little logic

is added as the trace depth increases.

We expect that in most implementations, far fewer than

4K signals will be observed; this implies that only a small

impact on run-time is to be expected when using speculative

debug insertion.

Inserting additional logic into an FPGA will also affect

its power consumption, and this is shown in Figure 9. These
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values are for the design running at a 150 MHz clock fre-

quency, and were obtained using Quartus II’s PowerPlay

Power Analyzer tool operating in its vector-less estimation

mode. In common with the previous performance metrics,

increasing trace depth has a smaller effect on power com-

pared to increasing its width. For this LEON3 design, it can

be seen that up to 4K signals can be traced simultaneously

for less than 10% power overhead.

5.5. Debug Aggressiveness

While it is possible to fill all of the free FPGA resources with

speculative debug logic, this is not desirable as doing so will

have a considerable effect on its performance. With the over-

heads investigated in this section, the limiting factors can be

classified into either hard or soft limits. Hard limits are those

posed by resource availability, which cannot be exceeded

(the exception being a small amount of flexibility with how

tightly the logic is packed); whilst soft limits are those that

can have an unbounded effect on circuit performance, such as

with delay, runtime or power. With these soft limits, it would

be up to the designer to determine how much of a penalty he

or she can accept.

For speculative insertion, if it was assumed that a de-

signer would be unwilling to tolerate any decrease in the

maximum frequency of a circuit, but could accept a 10%

increase to its compilation runtime and power consumption,

this would correspond to a trace configuration of 4096 signals

by 1024 samples, which would cover almost 10% of the user

registers in the design. For the LEON3 design, this equates

to a trace solution which utilizes 10% of the FPGA’s logic

resources, and 40% of its memory resources. Any further

increase in the width of the trace solution (and hence logic)

observed will increase runtime and power beyond these ac-

ceptable overheads. Although increasing memory utilization

has a minimal effect on these metrics, the SignalTap debug



IP requires that the depth of the trace buffer is a power of

two between 64 and 128K samples. This restriction prevents

a deeper trace solution from being realized in this design:

doubling the depth to 2K samples would exceed the available

memory capacity.

From this analysis, we propose that a reasonable trade-off

for debug overhead and aggressiveness lies with inserting a

trace solution which consumes 10% of the FPGA’s total logic

resources, and as many memory resources as possible.

6. IN-SPEC: SPECULATIVE INSERTION TOOL

We have developed a tool, called In-Spec, which can auto-

matically and speculatively instrument any design described

by a Quartus II project. In-Spec depends only on Quartus II

software to function, the intention being to simplifying the

number of tools required and to enable its robust HDL sup-

port to be leveraged. The current implementation of this spec-

ulative flow consists of two stages. In the first stage, In-Spec

fully compiles the original design to obtain the connectiv-

ity graph required for signal selection. This is necessary

because extracting this data utilizes Quartus Tcl commands

available only after place and route. Using this Tcl interface,

all register-register paths in the circuit are dumped into a

text file, which is then parsed by a script used to build the

connectivity graph for signal selection. Once the design is

compiled, accurate values for logic and memory resource

utilization can also be obtained.

6.1. Estimating Instrumentation Area

In the second stage, the tool calculates the maximum trace

configuration that can be inserted, without exceeded the uti-

lization values determined in Section 5. To realize this, an

area model was developed to estimate, in advance, how many

resources would be required to implement any trace config-

uration. Using the data gathered in the previous section, an

area model of the following format can be constructed:

LALM (w, d) = Aw +B (1)

MM9K(w, d) = Cwd+Dw + Ed (2)

where w and d represent the trace width and depth.

Equation 1 estimates that the logic usage (in ALMs) is a

function of the trace width only. Using surface-fitting tech-

niques, it can be determined that: A = 3.39 and B = 123
meaning that the variable cost for each signal observed si-

multaneously is approximately 3.4 ALM logic resources, and

that the fixed cost B = 123 resources. Similarly, for the

memory resources modelled by Equation 2: C = 1/9216,

D = 0.00118 and E = 0.0107. Particularly interesting is

that for the coefficient C, which represents the total number

of memory bits required, a value corresponding to the inverse

capacity of each M9K resource can be used.

No Dbg Spec Dbg ∆
Logic (% ALM) 74.7 83.1 +8pp

Memory (% M9K) 10.0 52.2 +42pp

Fmax (MHz) 74.0 71.9 -3%

Peak Interconnect (%) 59 57 -2pp

Map Runtime (s) 1441 1620 +12%

Fit Runtime (s) 3384 3980 +18%

Power @100MHz (mW) 5716 6318 +11%

Table 1: Example Application: OpenSPARCT1 (3951x1024)

Using Equation 1, the maximum trace width that can

be supported without exceeding the logic utilization limit is

calculated. This value can then be substituted into Equation 2

to compute the maximum trace depth, rounded down to the

nearest power of two as required by SignalTap. Finally, this

trace configuration is instantiated, the highest ranked signals

corresponding to the trace width selected for observation,

and the instrumented design recompiled.

6.2. Example Application

We have validated In-Spec against a different, large open-

source benchmark: the OpenSPARC T1 Processor Core [17],

which implements a 64-bit SPARC core supporting 4 concur-

rent threads, I- and D-caches, along with an MMU. Two pro-

cessor cores were combined into a single circuit of 100,000

registers, and mapped onto the same EP3SL340 Stratix III

device as used in the previous section. The circuit was con-

strained for a clock frequency of 100 MHz.

A trace configuration of 3951 signals wide by 1024 sam-

ples deep was inserted automatically, corresponding to a 4%

coverage of the design. A comparison between the two im-

plementations is shown in Table 1. These results show that

although the actual logic inserted was only 8% (rather than

the 10% requested by our tool) further investigation indi-

cated that all 4000 signals were correctly traced, and that the

savings had come from Quartus II recouping some unnec-

essary logic from the user design. Importantly, this did not

significantly affect the circuit’s Fmax.

6.3. Future Work

We expect that the information required to build the register

connectivity graph can be obtained after the HDL design

is elaborated early on in the synthesis stage of compilation,

eliminating the current requirement to compile the circuit

twice. Similarly, work exists to provide early predictions of

circuit area [18]. As part of our future work, we intend to

incorporate these techniques, and/or Quartus II’s incremental

compilation feature, into our speculative insertion tool.



7. CONCLUSION

In this paper, we have presented the concept of speculative de-

bug insertion for FPGAs used in a large prototyping system.

In our flow, trace buffers and signal observation circuitry are

automatically and transparently inserted before compilation,

allowing key internal signals to be recorded during normal

circuit operation. The primary difference between our specu-

lative flow and the more traditional flow is that in the latter,

debug instrumentation is only added after a bug is found,

often necessitating a long recompile cycle. Our speculative

flow can give designers a head-start when debugging newly

observed errors, possibly reducing the number of debugging

iterations. The automated nature of our flow may also be

advantageous for engineers that are using third-party IP and

may not have a intimate understanding of the internals of the

circuit, and hence find it difficult to select important signals.

We have identified two important considerations. First,

our flow must be automatic, so it is necessary to have a CAD

tool that can automatically determine which signals may be

valuable for debug, before the circuit is compiled. This capa-

bility is enabled by recent work in signal selection algorithms.

Second, it is important that the tool have an understanding

of the overhead implications of inserting additional logic,

to ensure that the inserted logic does not result in a reduc-

tion in speed, power, or an increase in run-time. We have

experimentally investigated the limits of automatic insertion

to determine how aggressive such a tool can be. Finally,

we have encapsulated our ideas into an automated tool and

showed a successful example application.

The primary application of this flow is in an FPGA pro-

totyping environment where (a) design errors are expected,

(b) there are typically many large FPGAs, so recompile times

are long, and (c) many FPGAs are not fully utilized. It is

conceivable that such an approach could also apply in a more

general FPGA implementation scenario. In this case, speed

and area overhead are likely more of a concern, so the auto-

mated tool would have to be less aggressive in the amount of

debug logic inserted. The results in this paper show, however,

that as long as there are spare resources available, significant

observability can be added without negatively affecting the

quality of results.
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