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Abstract— Developer productivity is strongly influenced by information about their application so that the compilen ca
the language(s) used during the design process. The alpeason about it reliably and effectively.
straction level of the language as well as the opportunities The second focus is register transfer level digital system
for casual errors due to non-intuitive language featuresdesign. The dominant languages used for this purposedtarte
can both have a dramatic impact on developers. In thisout as simulation languages, and the lack of a language
paper, we explore language design in three contexts: ceursdocused on synthesis rather than simulation has been costly
grained expression of parallelism, register transfer leve in terms of lost designer productivity. We articulate seser
hardware description languages, and specialized langsagefeatures that a good synthesis language should possess. Som
for particular purposes. Coordination languages for stiea  of these ideas have been previously introduced [2].
ing computations are espoused for the first, properties of a The third focus is on new languages for specific purposes.
true synthesis language are described for the second, arfhere are a host of circumstances in which it is beneficial to
we introduce the TimeTrial language as a concrete exampleallow developers to interact with a system in an application
of the third. specific manner. In some cases, this interaction goes well
beyond a simple user interface specification, and a special-
Keywords: Coordination Languages, Hardware Description Lan-jzg( language is warranted. Here, we introduce the TiméTria
guages, TimeTrial, Performance language, designed to enable a designer to understand the
. performance of a streaming application. The purpose and
1. Introduction capabilities of the language are introduced, and a formal
New languages face stiff obstacles to widespread adoppecification of the language is provided.
tion. This is in part due to the fact that there is a learning In Sections 2 and 4, we describe specific languages that
curve associated with any new language. The potentiadither already exist (the coordination language X) or that
productivity benefits of a new language are often lostwe are introducing here (the performance language used in
however, when users persist in using an older language th@imeTrial). In Section 3, however, we are not describing or
is inappropriate for the task at hand (the older languagegei proposing a specific language. Rather, we describe pregerti
one that they happen to already know). that we feel should be present for any hardware description
The language used for a job should reflect the abstractioranguage that is at the register transfer level.
model that is most beneficial for the user while enabling
the user to accomplish the job. We assert_ that a bett . Coordination Languages
match between the language user’s responsibilities and the
capabilities of the language used (and its associated é@mpi A coordination language is distinct from a traditional
and runtime environment) cannot help but lead to betteprogramming language in the sense that one does not ex-
human productivity. The evolution from C to C++ is a classicpress the entirety of the application within the coordioati
example of this, with the explicit support of object oriethte language. A coordination language is used to express the in-
programming constructs in C++ that are not present in C. teractions between computing elements, but not the interna
This paper will discuss language properties, new languageomputations within those computing elements.
features, and new language purposes for a range of tasks,Lee [3] has promoted the use of coordination languages
including expression of high level parallelism in an applic as an improvement over traditional, shared memory pro-
tion, design of a digital system at the register transfeellev gramming by pointing out that explicit reasoning about
and querying the performance of an executing application.correctness is more straightforward. Thread-based sgnachr
Our initial focus is the use of coordination languagesnization is prone to errors (such as race conditions or mgssi
to express course-grained parallelism. The streaming datacks) that can be very difficult to find and fix. Gelernter
paradigm is applicable to a large class of applications, andnd Carriero [4] discuss the importance of separating the
there are many benefits that accrue if the compiler andoncerns of computation and communication in the context
runtime system are made cognizant of the structure of thef Linda. However, their discussion is in no way specific
application. The concept of slanty design [1] is invokedto Linda itself. A common use of coordination languages is
to encourage application developers to expose sufficierfor computational workflow management [5]. As we will see



I ock Sensor {

S . b
below, coordination languages are well suited for use with output unsigned16 y: // port declaration

streaming data computations. }
Examples of coordination languages include StreamC anbll ock LPF { _
its associated KernelC [6], X and the Auto-Pipe development ~ input unsignedl6 x; // port declarations
environment [7], [8], topology specifications in SCF [9]dan output unsigned16 y;
Linda [1Q]. I_?:oth StreamC and X are languages tha}t eXPress oek Accumul ate {
the application in terms of streaming data semantics. Here, i nput unsi gned16 x; // port declarations
computational kernels are interconnected via explicit €om out put unsi gned32 v;
munication paths. The computational kernels for StreamC ) i
are expressed in KemelC, and X supports computationdll °ck WiteFile { _ .
kernels in C/C++ for deployment on chip multiprocessors | nput unsigneds2 x; // port declaration
; b ploy p p. config string fil enaneg;
and in VHDL or Verilog for deployment on reconfigurable

logic. Streamlit [11] is another language that supports th?a) Sensor, low-pass filter [PF), Accumul ate, and

separate descriptions of streaming application topolaBy a v/ t eFi | e block definitions. On all blocks, the input port
kernel computations. Both, however, are described withils namedx and the output port is named

Streamit.

In contrast with the streaming paradigm, SCF uses etfl ock Stream { : ;

. . . ’ Sensor acquire; // block declarations

message passing paradigm, supporting both synchronousand | pg filter:
asynchronous message delivery, and Linda’s coordination  Accunul ate total;
mechanism is a global tuple space, in which productions WiteFile report (filename="out.txt");
(compute kernels) both remove tuples from the space and : :
) . a: acquire -> filter; // topol ogy
insert other tuples into the space. b filter -> total

R(_etur_ning_ to the str_eaming paradigm, a simple example  ¢: total -> report;
application is shown in Figure 1. Here, a sensor of somg
form provides a stream of data that is filtered, accumulate

and written to a file Ol(b) Application topology forSt r eam As part of topology

specification, edges are given labalsb, andc.

Stream — Fig. 2: X language specification for example application
Sensor LPF Accumulate  WriteFile St r eam Note that block definitions only specify 1/0 and
ilter

a b c configuration, not function.
acquire fi total report

and (3) the desired mapping of blocks to resources. It is this

Fig. 1: Example streaming application. separation between the application topology specification
a coordination language and the block function specificatio

The X language specification for the example applicatio? other languages, point (1) above, that defines what it
is given in Figure 2. In the terminology of X, the compu- Means to be a coordination language.
tational kernels are calleblocks The data into and out of ~ The benefits of separating the overall application into a
each block is specified in X, but the functionality of the tloc poordination of lower-level components include the follow
itself is not. There can be one or moraplementation®f  'NY-
each block, each expressed in a different language, targeti « Re-use of code blocks. With a clear distinction between
a distinct type of computational resources. For example, a  the language that specifies what individual blocks do
C/C++ implementation would target a processor core while  and how they are composed, there is a greater tendency

a VHDL implementation would target reconfigurable logic. for the application developer to think first in terms of

Note that SCF also supports this notion of implementations  using blocks that already exist, rather than building new

for blocks (called tasks in SCF) authored in different lan- blocks. To be effective, this does require the existence

guages for distinct targets. of a rich block library, but once that library exists, the
At the lowest level within X, the typed input and out- language separation will promote its use.

put ports of each block are specified. Blocks can then « Data movement is handled by the system, not the
be composed into higher level blocks, which form the application developer. There are two benefits that accrue
complete application. Also specified (but not shown in the from the system handling the data movement. First,
figures) are: (1) the implementations that are available for  the application developer need not actually author the
each lowest level block, (2) the set of computation and code required for data movement (e.g., DMA engines
communications resources used for application deployment  and the like). With less code to write, the application



developer'stime is saved. Second, there are fewer erroentirely eliminated, checked during compilation, or atskea
introduced since the application developer is workingsignificantly diminished in frequency.
at a higher abstraction level. Here, we describe some of the properties that a synthesis
« The application decomposition is known to the systemlanguage should have. We make no attempt to describe a
This facilitates the system being capable of parallecomplete language, nor are we doing anything but hinting
execution while being cognizant of the required dataabout syntactic conventions, our focus is matching thel leve
dependencies. It also facilitates the system specifyingf abstraction of the language with that of the designehén t
the mapping of compute kernels to computational respirit of focusing on the most frequently used aspects first,
sources. the discussion will start by constraining the discussioth®
« The application is less error-prone. Memory races don'description of synchronous finite-state machines (appted
exist. Locks are unnecessary. Reasoning about the cdpoth control and data path), which are by far the bulk of what
rectness of a pipelined application is very similar towe implement as hardware designers. While as designers

reasoning about a sequential application. we might spend a large fraction of our time transforming
o applications to expose available parallelism, or explprin
3. Hardware DeSCFIptIOH Language optimization opportunities within designs, by the time the

Current hardware description languages, such as VHDIubber meets the road and we are actually implementing
and Verilog, were originally developed as simulation mod-the system, the majority of the effort is finite-state maehin
eling languages, not synthesis languages. It was commdiesign.
practice to express a design in one of these languages,aise th Figure 3 illustrates a fairly classic finite-state machine
simulator to debug the design, and then manually re-expre$5§SM) as a Mealy machine, with inpwt, statey, next
the design using a lower-level tool (such as a schematitatenxt _y, and output. It is being clocked by the signal
capture tool) for physical implementation. The need for re€! k_a. CL represents the combinational logic (which is
expression was motivated by the fact that synthesis teehndmemoryless), and FF represents the flip-flop (which retains
ogy was not up to the task of implementing the physicaptatey). A description of FF in SystemVerilog (an extension
system directly from the original HDL description (which of Verilog that has several useful features) is provided in
often existed at the behavioral level rather than the gatel le Figure 4. Here we learn that the FF supports a synchronous
needed for implementation). reset (called eset ) as well as a load enable signal (called

The benefits of avoiding re-entering a design are selfenabl e).
evident, and as synthesis tools matured, a natural choice fo
the synthesis language is the language already in use for X , 2
simulation. Designs are already expressed in the language,

. . ! . CL
and engineers performing the design function are already y xty
familiar with the language. As a result, the dominant sim- -
ulation languages (VHDL and Verilog) quickly became the FF
dominant synthesis languages. d q

We have paid a substantial price for this choice, how-
ever, due explicitly to the fact that these languages were
originally designed as simulation languages, not synghesi
languages. Their semantics were specified with simulation
as the primary target, and that has serious implications for
their efficient use as synthesis languages. First and fosemo
among the implications is the fact that state is inferredeat

clka ——{>

Fig. 3: Simple finite state machine.

than explicitly declared, leading to innumerable errordén al ways_ff @posedge a_clk iff
sign descriptions on the part of both novice and experienced (enabl e==1 or reset==1)) begin
developers. if (reset) begin
How many of us has inadvertently implied state in a y <=0
portion of the design description that we intended to be glnge begi n
purely combinational? How many of us has inadvertently y <= nxt_y:
described a latch instead of the flip-flop we intended to end

describe? How about missing signals on a sensitivity list? end

How about confusing the meaning of a blocking vs. non-

blocking assignment statement? Need we go on? With a Fig. 4: Declaring state in SystemVerilog.

properly designed synthesis language, rather than a bedrow

simulation language, all of the above errors can be either Note that it takes 8 statements to describe a fairly simple,



commonly used flip-flop, and there are many typographicastate for the current value and appending d™to the name
errors that can result in an erroneous design that the cempil of the state for the future value. In this way, the register
cannot check because they are legal language constructs. Was associated with it signads q ands. d.
are forced to describe the specific functional properties of The semantic meaning of the state declarations in Figure 6
our flip-flip, rather than simply say to the compiler, “Give is expressed in the SystemVerilog code of Figure 7. Note
me a flip-flop.” State is inferred, rather than declared. that there is nothing special about the use of SystemVerilog
We contend that state should be a first class object ihere, it is simply being used to unambiguously describe what
any synthesis language. As such, when a designer wishés intended by the given state declarations. Its use does,
to instantiate state (in the form of a register) he or shehowever, illustrate a related point. The design of a new,
should explicitly declare it. Consider the example datdipat more appropriate synthesis language does not in any way
of Figure 5. The block is an instantiation, in reconfigurablerequire that the entire design flow be re-engineered. It is
logic, of the Auto-PipeAccunul at e block of Figures 1  quite reasonable to target any synthesizable subset offone o
and 2. Figure 5 shows the data path (minus the control logicthe commonly used languages as the back-end of a compiler
and Figure 6 illustrates a candidate form for declaring &ll o for the synthesis language.

the signals necessary for the block.
al ways_ff @posedge clk iff
(enabl e==1 or reset==1)) begin
if (reset) begin
i.q ;
s.q
0.q

Accumulate

0;
0;
0

1

end
el se begin

1

[eljoRNeN

l.
S.
0.

0 0.0

[
S.
0.

end

\_ Y, end
Fig. 5: Auto-PipeAccunul at e block. Fig. 7: Compiled SystemVerilog state.

In the state description, there need to be ways to explicitly What took 3 statements to declare (one statement per reg-
describe properties of: ister), is expressed in 12 statements of SystemVerilog. The
« the data register — its name, whether it is implementedines of code reduction, however, is not the major benefit.

as a flip-flop or a latch, its bit-width, and its type (e.g., One major benefit of declaring state is that it eliminates the
signed or unsigned); temptation to mix state definition and combinational logic
« the clock signal — its name, whether it is edge-triggerediefinition in one place, often with disastrous results. Some
or level-sensitive, and its signal polarity (rising vs. state is being inferred, and some combinational logic iadpei
falling or active high vs. active low); inferred. It is extremely easy to get it all wrong, and it can b
« the reset signal — its name, whether it is synchronougsxtremely difficult to find out what is wrong in order to fix
or asynchronous, its signal polarity, and whether or noft. Recall that these errors are in the context of a simufatio

it is present; language. The simulation looks fine, and the synthesis tool
« the reset value (the value loaded into the data registezan only guess what the designer really intends.
when reset is triggered); and There have been some attempts to address the basic
« the enable signal — its name, signal polarity, andssue discussed above. In SystemVerilog, éhevays f f
whether or not it is present. construct makes it explicit to the synthesis tool that state
When not explicitly specified, it is important that thesewhat is intended. All this means, however, is that designers
values have well defined defaults. who use a subset of the language get helped. The principle

As alluded to in Figure 5, the declaration of state impliesof slanty design says that it shouldn'’t just be possible to do
the existence of a pair of signals, one that holds the currerthings the right way, it should be encouraged to do things the
value of the register and the other indicating the futureright way, and it should be discouraged (or outright banned)
value that will be stored on the next clock. There areto do things the wrong way. Language constructs that have
many conventions for naming these signals, for examplgyeen shown over and over again to lead to subtle, hard to
in Figure 3 we useq for the current value of the register find and fix errors should go.
and nxt _y for the future value. In what follows, we will Another major benefit of the direct declaration of state,
use the convention of appending ag” to the name of the rather than its inference from a description of its propsti



state [16] i clocksig=clk resetval =0[ sync] resetsi g=reset enabl esi g=enabl e;
state [32] s clocksig=clk resetval =0[ sync] resetsi g=reset enabl esi g=enabl e;
state [32] o clocksig=clk resetval =0[ sync] resetsi g=reset enabl esi g=enabl e;

comb [16] x; /1 input data

comb [32] vy; /1 output data

conb avai |l _x; /1 control input (data avail able on x)
conb avail _y; /1 control output (data available on y)
comb wait _x; /1 control output (wait upstrean)

comb wait_y; /1 control input (wait downstream

comb enabl e; [l flip-flop enable

Fig. 6: Declaring state and combinational signals. Theealatlarations explicitly specify the bit width of the datze reset
value (the value the data takes on when reset), synchromses, ithe reset signal, the enable signal, and the clocllsign
Other parameters are set to their defaults (e.g., edgeetrégl flip-flop, unsigned data type). The combinationalaighave
specified bit widths and default data types.

is that the requirement to repeatedly describe (rather thasignal) while any state references on the right-hand side
specify) the properties is susceptible to subtle errorsdh@  of an assignment operator (or in the conditional ofidn
legal in the language (and therefore cannot be checked atatement) are unambiguously referencing the curreng stat
compile time) but are not at all what the designer intendedinformation (the. q signal).

With a simple misplacement of the nested parentheses,

the synchronous reset of Figure 7 could end up half-way comb_l| ogi ¢ begin

between synchronous and asynchronous, e.g., 15 f :( s
always_ff @ posedge clk iff 0 = s; '
(enabl e==1) or reset==1) y = 0;
While the above construct might look like an asynchronous enabl e = avail X && !wait_y;
reset specification, the reader can be assured it isn't. De- walt_x = walt_y; _
signers should simply be stating “synchronous” or “asyn- avail _y = enabl e;

chronous” without having to re-engineer each time what end
those words mean. ) o o )

Given the state declarations, what t#ecumul at e Fig. 8: Description of combinational logic.
block of Figure 5 actually does is specified by the com- ) )
binational logic. In this example, we want to make the data Synthesizeable Verilog code that could be generated by
path connections that are illustrated in Figure 5 as welfh® compiler would therefore look like Figure 9. The only
as specify the control function (which is not illustrated in ré@l transformation that has taken place to this point is the
the figure). The semantics of an Auto-Pipe block are sucinsertion of the appropriate signal names in place of the
that data is received on input poxt if and only if the originally indicated register names.
avai | _x signal from upstream is active at the same time
thewai t _x signal generated by the block is inactive. This
same signaling convention is used on the output ppwtith s.d
the distinction that the roles are reversed; the block is the o.d
upstream party (generatingvai | _y) and the Auto-Pipe gnabl e = mvail x & lwait v
runtime environment is the downstream party. wait x = wait y; ' s

The current mechanisms for specifying combinational avail y = enabl e;
logic are (for the most part) quite reasonable and shouldend
be continued. One relatively straightforward improvement
that can be made is the unambiguous use of register names  Fig. 9: Compiled Verilog combinational logic.
in the combinational logic specification and the compiler’s
ability to automatically discern the correct intent. Figus An important distinction, however, needs to be made
illustrates an appropriate specification of the combimatio between what should be allowed combinational logic spec-
logic for the Accumul at e block. The references to state ifications in a synthesis language and what is currently
on the left-hand side of an assignment operator are unanallowed in languages such as Verilog and VHDL. Note that
biguously referencing the next state information (thé  an explicit sensitivity list was provided in the generatede

always @x,i.q,s.q,0.q,avail _x,wait_y) begin
i.d=x;
i.qg + s.q;
S. q;
0.0,



of Figure 9. While there are mechanisms to avoid needing tthe poor choice of operator overloading characteristieg th
provide this list in existing languages (e.g., use of ¢ie ) currently exist in VHDL. While this is not truly a synthesis
notation in Verilog), they are not required, and the use of arvs. simulation language issue, it is worthy of mention. Iy an
explicit sensitivity list is allowed. reasonable software language, theperator is appropriately

We are all familiar with the erroneous results that follow overloaded to reflect the data types of the two values to
from a sensitivity list that is missing a needed signal. Thebe added. In our example, the operation should not be
semantics of the language specify that the signal “retains i determined by what package is listed at the beginning of the
previous value,” an action that is perfectly reasonableafor file (a fact that is true of VHDL specifications). It should,
simulator, but implies state for a synthesizer. Here agaami  in fact, be determined by the type of the registerands.
example of the pre-existing simulation semantics getting i If either of them is signed, the should be signed, and if
the way of efficient design activity. A well designed langeag both are unsigned, thé should be unsigned. Appropriate
should not let us easily specify something that is almostype conversions should be available to override the defaul
always the wrong thing to do. A well designed languagesemantics when necessary.

makes it hard to do things that are almost always wrong. The above is focused on finite state machine imple-
A synthesis language should allow a designer to declare g oation but it is worth mentioning the need for test-
signal to be combinational, and then not allow a specificatio e ey gpecification. It is our opinion that testbenches lshou
of that signal's value that isn’t combinational. be specified using a traditional imperative language (e.g.,
Another difference should be highlighted between thecc.+), with appropriate mechanisms for signal monitoring
needs of a synthesis language and those of a simulatiofy assignment. While one could use a simulation language
language. The whole distinction between blocking vs. nonso, testhench specification, and this might be a reasonable
blocking assignments in Verilog or between signals and,;nroach, both VHDL and Verilog have significant limita-
variables in VHDL is all unneeded, unwanted, and frankly;ions with respect to their use as languages for specifying
harmful in a synthesis language. A clear semantic meanggihenches. For example, the file /O capability of VHDL
ing should be consistently applied to any assignment. IR qyite constrained, and data-driven testbench design can

this example, we clearly intend the combinational value okyg 5 rohust, flexible approach to providing test vectors to a
avai | _y to be the same asnabl e. Requiring the user to design under test.

distinguish between blocking vs. non-blocking assignment ) _

and therefore puttingnabl e in the sensitivity list (which ~ There are a whole set of topics that should be included

would be required if the alternative form of the assignmeni" hardware description languages, but are currently left

operator had been used in Figure 9) is simply wrong. We, at® be individually specified to the design tools. These

designers, should insist upon a true synthesis language tHRPICS include timing constraints, clock generators, amel t

clearly expresses the logic we intend. like. When des_lgnmg an gsynchronous system, or even an
The example of Figure 9 doesn't really require the use ofisynchronous interface within a synchronous system, it is

anal ways construct at all. The same effect could have beerPftén these issues that determine (or undermine) proper
achieved through the use of Verilog&ssi gn construct. functioning of the system. While the low-level specifics of

The use ofal ways, though, does beg the question of, these topics might very v_veII _have aspects that are plat-
“what do we do if the value of a combinational signal is form dependent (e.g., chip pinout), a common language

left unspecified?” It is common practice on the part of man)for describing the designers desires would be a dramatic

designers to insert a default value for all of their nextestat MProvement over the current state of affairs. We encourage

signals (the. d signals in our terminology) of the current research in th|_s direction, but do not make any specific
state. l.e., if registes exists, a default assignment via the ProPosals in this paper.
statemenss. d = s. q; is included early in theal ways There are several other approaches to specifying digital
block. With the proposed mechanisms for the compiler to bejesigns that are not explicitly at the register transfeelev
well aware of the designer’s intent as to what symbols refern JHDL [12] (as in VHDL and Verilog) one can describe
to registers vs. combinational logic, it is straightforddor  designs at the gate level, but that is generally considered t
the above default assignments to be implied. be a lower level specification and therefore not as designer
It is reasonable to consider default values for other (norfficient. Bluespec SystemVerilog (BSV) [13], which is
register related) signals as well, but one should probatdy p based on Haskell, allows the specification of hardware via a
ceed here with more caution. In this case, it might be wisefunctional language. There are several projects that lagns
to enable the designer to declare a default combinationa to gates (e.g., ROCCC [14], SPARK [15]) which are aimed
value, but flag as an error any combinational specificationat a higher level of abstraction than the register transfell
that rely on a default value that wasn't explicitly provided Our focus here is not to compete with any of these efforts,
Independent of the restrictions placed on specifying combut instead to improve the situation when the designer is
binational logic, some attention also needs to be given tavorking specifically at the register transfer level.



4. TimeTrial: A Language to Measure Stream __
and Validate Performance Sensor LPF Accumulate  WriteFile

As applications increase in complexity, designing and | acquire
tuning for reliable performance can be a time-consumin
and frustrating task. This is especially true for FPGAs, ghe
there is limited visibility into the internal state of thesign. i i '

Now consider an application that utilizes both multi-core R ' P '

CPUs and FPGAs. Where is the bottleneck, on the CPUrig. 10: Stream application instrumented with measurement
portion or the FPGA or both? Does it depend on the inpuffl and n2. Dotted lines and blocks represent the perfor-
data, and does it change over time? mance monitoring instrumentation.

We have developed a new language, the TimeTrial lan-
guage (simply referred to as TimeTrial in this section)ttha
helps developers ask these questions of their applicationword r at e specifies the type of measurement, followed
The language drives a performance monitoring capabilithy @ and the edgeStream a, the target of the mea-
of the TimeTrial performance monitor that answers develsurement. The second performance expressit#), adds
opers’ questions in an automated way. TimeTrial enablethree additional elements. We declare a labeled path,

a developer to both query an application’s performancérom one port §tream acquire.y) to another port
and assert his or her understanding of an application’$St r eam r eport . x) so that we can refer to it im2.
performance by writing performance expressions. TimdTriaNext, we describe a statistical aggregation to be performed
performance expressions are then compiled along side than the measurement, in this casean, indicating that the
streaming application source description (e.g., in X) tomean value of the latency is to be measured. The other new
instrument the application with measurements and asssrtio feature is the use of the labpll inside the measurement
for runtime validation. Our previous work [16] describes statement. Figure 10 depicts the logical insertion of these
a runtime instrumentation system to measure performangaeasurements into the applicatiShr eam

queries on real-world datasets (called the TimeTrial perfo  The target of a measurement can be described as either a
mance monitor). Here, we describe a method to articulatgingle point in the application ¢aap) or a data path through
measurements and assertions at the source level, which &tee application (gat h). Tap and path statements declare
used to automatically instrument a streaming applicatan f the location(s) within the application that the performanc
runtime performance validation. expressions will observe. Target declarations can be used i

TimeTrial is intended to augment streaming language®othnmeasur e andassert expressions. For example, two
with the ability to articulate performance statements @boutap declarations, one on a port and the other an edge, are
the applicatiorat the level of block interactionsegardless declared as:
of which computations resource is targeted (e.g. FPGA vs. ]

CPU). Understanding the performance at the block level i§2: tap Streamfilter.x
useful for locating bottlenecks to particular blocks, orea s
of blocks, in a streaming application. By not attempting tot 3: tap Streamb

query internal to a block, TimeTrial can stay agnostic with - performance measurements operate on a multiplicity of
respect to what language is used to specify the functignaliteyents on taps and aggregate these into one or more statisti-
within a block. It can stay focused on the block interfaces;a| measures per execution. To provide a precise picture of
and Interactions. _ o the performance over time, the TimeTrial system supports
To introduce TimeTrial, we begin with two example the notion of adata frame or frame for short. A frame is

performance queries of the application from Figure 1, “Whalyefined as a pre-sized segment of the data stream. As each
is the throughput of edge?” and “How long does it take segment flows across a tap on a streaming application, the
a datum to travel from the blockcquire to the block  performance is summarized within that frame. Large frames
report ?” These queries can be stated as measurements Movide opportunities for strong aggregation while cotlimg

report

TimeTrial as: temporal effects within the data frame into a single result.
ml: measure rate @Stream a Small frames provide more precise temporal information

(e.g., capturing rare events). However, the likelihood of
pl: path Streamacquire.y -> Streamreport.x interfering with the application increases as one decsease

the frame size, since the volume of performance meta-
data also increases. Different applications have differen

The first performance expression begins with a la-characteristics, so TimeTrial allows the developer to c®o0
bel, ml. followed by the keywordmeasure. The key- the frame size to suit.

n2: neasure nean of |latency @pl



Strong aggregation within a data frame is desirable t@ units specification or another measurement. This should
minimize the potential impact of measurement on the applitook familiar, since we used a conditional (albeit a simple
cation’s performance, both in terms of memory required tocone) when writingal. The conditional is everything that
hold performance meta-data and communication overheatbllows the keywordasser t . The units can be chosen from
TimeTrial supports a number of aggregation functions, in-a list of time units §, ns, us, ns) or rate units{ps,
cluding minimum, maximum, mean, summation, histogramkt ps, M ps, G ps), which represent data transfers per
and trace of the values at a target. These aggregatisecond. Unit specification is optional and appropriateuéefa
functions have optional parameters that can be specified amits are inferred from the measurement type (e.g., time for
well, such as requesting a harmonic mean rather than thee latency measurement, unitless for a utilization measure-
default arithmetic mean or specifying the number and biment). Note that in the case of a measurement type that
width of a histogram. returns a Boolean value (e.g. backpressure), the reldtiona

In addition to specifying how the performance data is ag-operator and what follows is omitted.
gregated, TimeTrial provides a number of pre-defined mea- Conditionals are evaluated for each instance under which
surement types. We've already seen throughpat €) and  the underlying measurement can hold a distinct value. As
latency ( at ency) in il andn®. Additional measurement such, if a data aggregation is specified the conditional is
types include utilizationut i | ), queue or block occupancy only evaluated once per data frame. The default aggregation
(occupancy), backpr essur e from downstream, and the for a conditional is trace aggregation (i.e., the condgios
data value of the tap being observaca(ue). rate is a evaluated for each instance).
measure of the frequency that data flows across an edge.Complex Boolean logic expressions can be formed in
util measures the fraction of the execution that a targefimeTrial. These Boolean expressions and are formed by
is active.occupancy keeps track of the occupancy of a combining any number of conditionals with and, or, and not
gueue or block over timd.at ency measures the time for (& |, !) operators. The simplest Boolean expression is a
data to flow from one port to anothebackpressure  single conditional statement, as&i. Boolean expressions
measures whether or not the downstream path is free @re used to qualify amssert statement, or are used to
is blocked. Finallyval ue observes the value of the data restrict the scope of aeasur e statement by using the
flowing through a port or across an edge. Note that ue ~ when keyword. Thewhen keyword is added to the end of a
is distinct from the other measurement types because it igileasurement statement to specify that a measurement statis
the only type that looks directly at the value of the datatics are to be collectednly when the Boolean expression
Some of these measurements have only one logical value pevaluates to true.
data frame (e.g., rate, utilization), whereas others artiiimu  To illustrate the expressiveness of Boolean expressions,
valued during the frame (e.g., occupancy, value). Henceye provide two TimeTrial performance statements, a quali-
the aggregation performed can depend on both the type ditd measurement and an assertion, as examples.
measurement and the developer’s desire for detail. acc_in: tap Streamtotal .x

In addition to performance measurements, TimeTrial also
supports performance assertions throughadbeert state- acc_out: tap Streamtotal.y
ment. Assert statements let a developer specify high-level
performance requirements of the application, such as, “Thd-
throughput of edge should always be at least 100 mega-n8: measure rate @acc_in when (g_occ >= 1 &
transfers per second.” Assertions are useful for desigat th ! backpressure @acc_out)
are nearing the final stage of development to ensure a . .
wide variety of data sets execute within the performanc@2: assert (ml < n8) | (util @acc_in < 0.5)
specifications. Writing this example in TimeTrial looksdik The tap statements declasec_i n (the input port on
al: assert ni >= 100 M ps the Accurul at e blockt ot al ) andacc_out (its output

port) as well agy_occ (the queue occupancy at the block

Thus far, we have introduced the use of two TimeTrialinput). "8 measures the throughput intmt al when there
performance expressiongeasur e and assert. These s data available in its input queue and no backpressure from
expressions form the basis for TimeTrial statements. Howit output. This enables the developer to measure the achiev-
ever, TimeTrial provides the ability to articulate more pow able throughput of ot al (i.e., when it is not hindered by
erful expressions as well. Here we introduce the notion ofts environment).
conditionals and Boolean expressions followed by their use The assertiom?2 is stating that the unqualified rate mea-
within the context ofreasur e andassert expressions. sureml will be lower thann8 or the utilization oft ot al

A conditional in TimeTrial is used to express a propo-is fairly low (below 0.5). Expressions such as these allow
sitional logic predicate. Conditionals are specified as dor articulation of very specific performance statements
measurement, a relational operator (exg<=), a value, and that enable precise reasoning about the performance of an

occ: nmeasure occupancy @Streamb



application in different contexts.
Finally, we articulate the formal grammar of the TimeTrial
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Backus Naur Form (EBNF) [17]. To be clear, here are notes

on the EBNF syntax we use. Figure 11 gives the formaReferences

syntax of TimeTrial.

« A symbol on the left-hand side of ::= is defined by its -
substitution on the right. [2]

« Symbols inboldface are non-terminal symbols, and
begin with upper-case. 3]

« Symbols inpl ai nface and those found in single-
quotes {’ ) are terminal symbols. (4]

« The pipe charactel || delineates substitution choices.

« Parenthesis(() ) group a set of symbols into one logical [5]

symbol. 6]
o Square bracketq { ) group a set obptional symbols
into one logical symbol.

« An asterisk ¢) follows a symbol that may be replicated (7]
zeroor more times.
« A plus sign ¢) follows a symbol that may be replicated -
oneor more times.
« White space is ignored.
5. Conclusions [

The language used during the design process can dramat-
ically impact the productivity of the developer. Typically
developers are very hesitant to adopt new languages, basedio]
large part on the learning curve required (whether thanlear
ing curve be real or perceived). We contend that in man§1
circumstances, the productivity gains associated withgisi
a language more suited to the task dramatically outweigh-2]
any drawbacks associated with learning the new language.

We have described candidate new languages (or news]
language features) in three areas: parallelism, digitstesys
design, and performance understanding. For the expresy,
sion of parallelism, we advocate the use of coordination
languages that explicitly disclose program structure ® th
compiler. For digital systems design, we contend that thé&td!
current use of simulation languages should be replaced by
the use of a language explicitly designed for synthesiserath [16]
than simulation. For performance understanding, we prepos
that the task is sufficiently unique that it warrants a larggua [17]
focused on its needs. It is our contention that the widesprea
adoption of these language ideas would have significant
benefit to the design community.
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PerfStmts

(AssertStmt| MeasureStmt| LabeledTap| LabeledPath) +

AssertStmt = [ Identifier:] assert BooleanExp
BooleanExp = | BooleanExp| Conditional & BooleanExp| Conditional ‘ | BooleanExp| Conditional
Conditional = CondOperand [ RelOp CondOperand
CondOperand := MeasureType @TargetType | Number [ Unit] | Identifier
RelOp = >| >=] <| <=] =] !=
Unit = s | m| us | ns | tps | ktps | Mps | Gps
MeasureStmt = [ Identifier: ] measure [ StatType of ]| MeasureType @TargetType
[ when BooleanExg
StatType = (mn| max | mean | sum| hist | trace) [‘(’ ParamList')’]
MeasureType = rate | util | occupancy | latency | backpressure | val ue
TargetType = Tap | Path| Identifier
LabeledTap = ldentifier: tap Tap
Tap = PortID | EdgelD
LabeledPath = ldentifier: pat h Path
Path := PortID (-> PortID) +

Fig. 11: EBNF for TimeTrial. Non-terminals that are not exfily defined in the grammar either come from the target
streaming language (e.gPortID and EdgelD are identifiers of ports and edges, respectively) or follammmon usage
(e.g.,Identifier, Number, andParamList). While not explicitly included above, parentheses are algpported in Boolean
expressions for the purpose of describing operator prewsde



