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Formal Methods for Intellectual Property Composition Across Synchronization
Domains

Syed Suhaib

(ABSTRACT)

A significant part of the System-on-a-Chip (SoC) design prolkein the correct composition of
intellectual property (IP) blocks. Ever increasing clookquencies make it impossible for signals
to reach from one end of the chip to the other end within a cloalte; this invalidates the so-
called synchrony assumption, where the timing of compomaéind communication are assumed
to be negligible, and happen within a clock cycle. Missing timing deadline causes this vio-
lation, and may have ramifications on the overall systenaldity. Although latency insensitive
protocols (LIPs) have been proposed as a solution to thdgobf signal propagation over long
interconnects, they have their own limitations. A more gersolution comes in the form of glob-
ally asynchronous locally synchronous (GALS) designs. elmv, composing synchronous IP
blocks either over long multicycle delay interconnects\wrasynchronous communication links
for a GALS design is a challenging task, especially for eimguthe functional correctness of the
overall design. In this thesis, we analyze various solgtimn solving the synchronization prob-
lems related with IP composition. We present alternativsl_and provide a validation framework
for ensuring their correctness. Our notion of correctngdbat oflatency equivalencbetween a
latency insensitive design and its synchronous counterjdée propose a trace-based framework
for analyzing synchronous behaviors of different IPs, armyide acorrect-by-constructioproto-
col for their transformation to a GALS design. We also présettesign framework for facilitating
GALS designs. In the framework, Kahn process network spatiéins are refined intcorrect-by-
constructionGALS designs. We present formal definitions for the refineismiéowards different
GALS architectures. For facilitating GALS in distributecthbedded software, we analyze certain
subclasses of synchronous designs using a Pomset-basadt®emodel that allows for desyn-
chronization toward GALS.

This project received support from CCF-0417340 (CRCD), CCF-02B(SAREER), and CCF-
0702316 (NSF).
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Chapter 1

Introduction

The deep-submicron (DSM) process technology has enabigehiransistor densities on a chip
providing higher integration, more gates, more tasks, antemparallelism; however, the design
engineers are struggling with the tools and design metlogikes to create complex designs that can
take advantage of this increasing trend. As a result, thdgapeen what is possible to implement
in silicon, and what is possible to design within the timeavtarket time limit is increasing; hence,
creating a productivity crisis. Reusing pre-existing blskich as memories, processor cores, and
dedicated hardware blocks chosen from an intellectualestgIP) library seems to be one of
the ways to mitigate the problem of productivity crisis ahdrsening time-to-market cycles. The
main goal of design reuse is to accelerate the product davelot time by rapidly integrating
pre-verified blocks together, instead of designing thekddomom scratch. Designing IPs for reuse
has its own cost, typically two to three times the cost of gigisig an IP for a single use [196].
However, when the IP is reused, it takes much less desigrt #ifn restarting from scratch. As a
result, IP reuse in the design process has grown from 10%%ofedim 1991 to 2001 [196].

Plethora of products such as cell phones, wireless conguead other multifunction products

such as PDAs, MP3 players, and high resolution digital casirat process multi-million pixels

per second are seen in the market today, where each of theedenan by an embedded system-
on-a-chip (SoC) that integrates multiple IP blocks. A typi8aC consists of microcontrollers,

microprocessors or digital signal processors (DSPs), & watige of memory blocks including

ROM, RAM, with clock generators including oscillators andapb-locked loops (PLLS). Further-

more, it may also include peripherals such as countersysimeset generators, analog-to-digital
converters (ADCs), digital-to-analog converters (DACs) ather computational blocks with ex-

ternal interfaces based on industry standards such as U&Bnet, firewire, etc. Figure 1.1 shows
a typical example of an SoC.
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Figure 1.1: A Typical SoC

1.1 IP Classification

In electronic design, IP core stands for a reusable unitgit|acell or chip layout design which
belongs to one party. Earlier, IP cores were mostly funeticomputation blocks built within the
same company for design generations. In today’s market, [P1 814, 25], IP cores are marketed
as off-the-shelf optimized blocks that can be integrateti wiher blocks. One main reason behind
this easy integration is that the IPs are made flexible, ougtble and reconfigurable.

IPs can be classified in various forms: soft, hard, and firmft B can be modified at the
functional-level based on customer requirements. Suclaid@slelivered as either netlists or syn-
thesizable cores in the form of a hardware description laggwsuch as Verilog or VHDL [2, 11].
On the other hand, in hard IPs, the functionality cannot bdifieal by the customers. These IPs are
best for play-and-plug applications, and are less portaiteflexible than the soft IP cores. Such
IPs mainly involve analog and mixed-signal logic physicasctiptions such as signal processors,
etc. Some examples of hard IP cores include ADC, DAC, and PLLshdre offered by vendors
like IBM, and TI [8, 22]. Firm IPs fall in the middle of soft ancahd IPs. They offer little risk
in terms of timing closure in place and route domain [193]p@&wding of the IP vendor, parts of
a firm IP are delivered as fixed layouts and the remaining jpaetgonfigurable. Table 1.1 shows
further comparisons between these IP types.

These IPs are optimized for timing, and are provided witlorimiation for optimal clock rates
for their execution. This dissertation primarily focusesspecific timing related issues with IP
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IP Classes| Flexibility | Protection| Predictable Portability Technology
Soft IP || Very flexible| Weak Unpredictable Unlimited Independent
Firm IP Flexible Medium Predictable | Library Mapping| Generic
Hard IP Inflexible Good | Very predictable Process Mapping  Fixed

Table 1.1: IP Classifications

composition which we discuss in the following sections.

1.2 IP Composition

With the increasing trend of IP reuse, IP composition haseaghisignificant importance in the
design of SoCsIP composition signifies the task of bringing together rdasdPs that perform
different functionalities, and make them complement edlsbrdo achieve the desired behavior.
The task of IP composition for an SoC requires a lot of efforterms of selection of appropriate
IPs from various IP libraries, and making design choicef wespect to design languages, agree-
able behaviors, interfacing between clock domains, modebimputation, bus interface protocols,
etc [135, 152, 124, 125, 49, 136, 40].

1.2.1 Trends in IP Composition
IP Standardization

To increase flexibility and reusability of IPs between difiet tools, many companies such as
Mentor Graphics [11], ARM [2], Cadence [4], Synopsys [21],lipki[14], etc, have formed an
alliance called the SPIRIT consortium [19]. The main goahaf tonsortium is to create a standard
for IP representation such that IPs from different souraas loe used in a unified framework.
Hence, an XML-based IP representation is invented withithe&sharing data in an unambiguous
and concise way. It also includes information that allowsteang and reusing all the cross domain
information required for IP reuse. The documentation of i is recorded in an XML data
book that contains component information on hardware gas@ languages (HDLS), interfaces,
software, etc. Moreover, generators are provided with tkik Xormats that generate design output
files such as HDLs, software, design documents, simulaimgsedesired by the designer.

IP Interfacing

Virtual Socket Interface Alliance (VSIA) [25] and Open Corefcol International Partnership
(OCP-IP) [12] have proposed interface standards (VCI and O€3pectively) to ease integra-
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tion of blocks. In these standards, the compliant blockgdlasigned based on a bus-independent
standardized interface. A generic interconnection puatoan then be used for communication
between these different IPs. One such example is of Sonacq1id] that provides a family of
interconnect products to facilitate composition of IPsdarSoC design. They provide wrappers
that adapt to bus-independent OCP sockets for its network GoseConnedt” [5] from IBM

and AMBA [1] from ARM are some of the publicly available bus laitectures that are used for
bus-based composition techniques.

The communication between IP blocks can also be in a potptiot manner. Open Core Protocol

(OCP) from Sonics Inc. [17] is one such point-to-point pradabat can be used for connecting

two IPs together in a master-slave manner. The master sent®@&nd requests to slave, and the
slave responds to them. This communication occurs on w@aitiimal signals.

There are also Network-on-chip (NoC)-based compositiohrtiggies where the communication
occurs based on packet-switching [40]. The ideas are beadvom the traditional networking
paradigm and applied to an SoC. The communication among dRmis using switches, network
interfaces and channels. The switching in NoC provides arabpipelining for communication.
Various network topologies such as honeycomb or mesh canfilemented [134, 126, 137]. The
rules for communication are defined by the transport laydrtha packets are accordingly routed
through the switches. NoCs have various advantages witeecegpcommunication, power, design
productivity and heterogeneity of functions over tradiadSoCs [136].

Composition Frameworks

Various frameworks for composition of IPs for creating Sa€signs have also been proposed [5,
163, 225, 199, 100, 9].

IBM’s SoC framework called IBM Blue Logit" consists of a pre-verified IP core library that is
designed to work with its fixed bus architecture called Coret@coh[5]. Although the IP cores of
the library are designed interface-ready with the bus &&chire, there are still several issues that
the designer has to consider. From assigning prioritiebdgraccesses to defining correct address
mappings for memory accesses are some of the issues hiigaligh[49].

In [163], a metamodeling-driven component composition (NM€&mework is provided for auto-
mated IP selection from a library of SystemC IPs. The framrewoables design space exploration
using concepts of metamodeling, type definitions, reflecfiantrospection for IP selection [163].

The Liberty Simulation Environment (LSE) [9, 225] is a maddglenvironment that allows rapid
construction of high-level simulation models. Based on acoomnt-structural model specifica-
tion language, LSE supports low-overhead use and constnuct reusable blocks [225]. It also
provides an abstraction that simplifies the specificatioimaihg control.

For software IPs, a component compositional frameworlkeddiKComposg based on XML, has
been proposed for composing software blocks. The frameywarkides flexibility, extensibility,
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reusability and correctness of composition. It is basedhenhypothesis that a set of primitive
composition operators can be combined to produce arbit@myplex compositions and compo-
sition patterns, thereby providing flexibility and extdmbly. Composition pattern templates are
provided to save the composition patterns for later reuse.cbmposition is done usir@pmposi-
tional operatorsandglue logic[221].

For embedded system design, a framework called “BALBOA” reeniproposed that implements
a compositional approach to high-level modeling [199, 10ble BALBOA component composi-
tion environment is a layered environment that providesagmment model witlntrospectiorand
partial typing capabilities [199]. Components are compadathmically by encapsulating them
with automatically generated wrappers that implement timepositional rules, dynamic type de-
termination and type inference algorithms. This framewsiksed to build system models with an
architectural perspective.

1.2.2 Issues with IP Composition

A significant part of the SoC design problem is the correct position of these existing IP

blocks [58]. IP blocks obtained from different vendors, wem different design groups from

the same company, are heterogeneous in several aspecyscarhdiffer in design domains, pro-
gramming languages, models of computations, abstraaigeid, bus communication interfaces,
and various other features. We discuss some of these issloeg b

Interface Compatibility Issues

As discussed earlier, one can make various interface debigioes of how the IPs interact. How-
ever, IPs must be appropriately connected to its output.ekample, ensuring data and address
signals are correctly connected, ensuring bus connecti@appropriately made with respect to
bus widths (32, 64, or 128-bit buses), ensuring consisteityregards to name matching at in-
terfaces, etc. Furthermore, priorities associated withnpatching, bus access, etc, must be made
correctly.

Behavioral Compatibility Issues

It is important to ensure behavioral compatibility of IPsrgecomposed. This can be done by
adding appropriate glue logic to ensure that the data exgthbetween IPs is in appropriate
formats. For example, a producer IP may produce data withnits as seconds, whereas, the
IP consuming this data may be expecting data as millisecdhdsalso important to ensure that

domains of IPs that are being composed are same. In the cdsenain mismatch, it may happen

that a data value produced by one IP cannot be consumed lesiiaation IP. Hence, the protocols

of the IPs being composed must match.
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Next, we discuss the timing related issues with IP compmsiti

Timing-Related Issues

In this dissertation, our focus is on the timing related éssu

Long interconnect issuesin the industry, most of the design tools and methodologieeeated
are synchronous in nature. By synchronous, we mean that thenaaication and computation
are assumed to be instantan€oudence, the use of such tools for creating SoCs by composing
different IPs together imposes the rule that the commuioicdietween the IPs is instantaneous.
However, when such SoCs are implemented on hardware, theneveasing clock frequencies
invalidate the synchrony assumption on the interconnestisden IP blocks [58, 70]. The clock
period becomes too small for two interfacing IPs to exchasi@a across interconnects within
such small clock period. This is because some interconageettonger than the distance a signal
propagates during a single clock cycle [71]. As a result,dilay on such interconnects renders
the output of the design to be incorrect. For example, cengitht the SoC given in Figure 1.1
is designed to be synchronous and driven by a single clock.nvihig design is synthesized onto
hardware, it may so happen that the system is unable to mrdlcesdata within the same clock
cycle due to the long communication delays between the blotkkhas been predicted that for
DSM designs, a signal will need more than ten clock cyclesaeetse the entire chip area [105,
164]. Similar issues have been seen in the design of higlonpeance microprocessors. One such
example is of the hyperpipelined NetBurst microarchiteztoir Intel Pentium 4 processor [117,
127], where pipeline stages are dedicated to exclusiveidleavire delays. It contains twarive-
stageghat are used exclusively to propagate the signal acrosshipe

Clock synchronization issues: Another major problem with composing IPs involves ensuring
proper synchronization between them. The delay variaiiotise clock signals reaching different
IPs on a chip causes undesirable behavior. There are vayioes of clock delay variations: skew,
jitter, drift, etc. which are realized only after the implenation on architectures. Tltck skew

is a phenomenon considered when the clock signal arrivedfatesht times for different blocks.
This may be caused due to unequal wire length, unequal lcatR drop. There can be two
forms of violations that can be caused by clock skbald violationandsetup violation Thehold
violation occurs when the destination flip-flop receives the clock katkr than the source flip-
flop. This happens when the data signal arrives at the dé@stin@ip-flop before the clock tick,
destroying the previous data that should have been clod¢keddh. Thesetup violationoccurs
when the new data is not set up and stable before the next tldclrrives at the destination
flip-flop. This happens when the destination flip-flop receitree clock tick earlier than the source
flip-flop [106, 157, 220]. Typical high-performance desigough as microprocessors for general
purpose computers are driven by a single clock [75]. Giveh $ugh clock frequencies, designers
traditionally target clock skews of about 10% of the clockipe [133, 142, 146, 149]. However,
long wire delays and variations in buffer delay make thesgeta challenging. Another problem

1Synchrony assumption.
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seen in the synchronous SoCslisck jitterwhich arises from inaccuracies in the source oscillator,
or drifting of the phase lock loop (PLL)litter mainly applies to a cycle-to-cycle variation from
one period to the next period of the clock. This may be causedathe noise through capacitive
and inductive coupling of wires [192]Clock driftis another issue seen in synchronous circuits
that refers to slow changes that occurs when two clocks drériven by exact same speed. These
drifts may accumulate to larger values, and are mainly chdse to slow changes in voltage or
temperature [106].

In section 1.4, we pose the problems that we are solving s dfssertation, and discuss why
the existing solutions for these timing related issues rRadequate. In the following section, we
consider timing related issues in multi-clock domains.

1.3 Clock Domains

A clock domainrefers to a part of the design that is driven by a clock. Thelkckbomains can
be classified intasingle-clockor multi-clock[114]. Thesingle-clockdomain has all its blocks
driven by a single clock. On the other hand, blocks inrthéti-clockdomain have multiple clocks,
and they can be further classified into two categories: (@)d#signs can have same frequencies
but different phases (also calleaulti-synchronouslomain), or (2) the designs can have different
frequencies which can either includeentral controlsystem with dynamic voltage scaling (DVS)
or a system with aautonomous contrakith globally asynchronous locally synchronous (GALS)
domains or asynchronous domains. This taxonomy [114] ieshie Figure 1.2.

( CLOCKDOMAIN TAXONOMY )

Single Clock Domain Multi-Clock Domain

Multi-Synchronous
Domain Multiple

(same frequency, Frequencies

different phases)

Figure 1.2: Taxonomy of Clock Domains

Most IPs assembled onto an SoC belong to different clock dwsnahis may be due to interfacing
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with PCIl and USB components, which are external componentsther reason for using multi-
clock domains on an SoC may be due to the distribution proloieansingle clock over the entire
large chip (discussed in Section 1.2.2). Furthermore,iraldtk SoCs have been used for creating
efficient designs with respect to power, throughput, etd [233].

1.3.1 Trends in Clock Domains

On-chip clocks in today’s SoCs are in the range from 200 MHZz0-@®1z. The numbers of clock
domains on a single SoC are in the range of 5 to 15. A signabtiiginates in one clock domain,
and passes to a different clock domain to be sampled by deegi€alled alock-domain crossing
(CDC) signal. It is estimated that in modern SoCs, an ordéfbsignals cross clock domains on
a single chip [125]. Therefore, incorrect handling of CDCnsilg is one of the major causes of
re-spin in multi-clock SoCs [124].

Figure 1.3 shows the clock domain problems faced by variodsstries [124]. Traditionally, at

the block level, not many clock domains are involved. Theeeadout 3 - 10 clock domains with
the number of CDC signals in hundreds. However, at the chigd,levore complex SoCs are being
designed with CDC signals in tens of thousands. Most of tr@®are due to missing or incorrect
synchronizergand protocols (We discuss these in the following sections.)

Company Design # of # of Clock Domain Issues
Clock CbC
Domains| Signals
i | Semiconducto] Communication 3 254 Combinational logic in
S company design; serial ATA synchronizers
= | uP Company| Wireless applicatior 8 364 12 clock-domain-crossing
§ issues; custom synchronizerg
@ Cell phone Multi-media SoC 4 54 Missing control synchronizers
| manufacturer design
! Graphics | Graphics applicatiof 36 — 42 | > 18200 Missing and incorrect
?E company synchronizers; re-convergenge
= problems
g | Large server| Gigabit Ethernet | 24 —28|> 11700 Missing data select
! company interface synchronizers; re-convergenge
problems

Figure 1.3: Clock-Domain Problems

1.3.2 Clock Domain Crossing Issues

Ensuring correct communication between different clockdms is one of the major concerns in
multi-clock SoC designs. To ensure correct communicatemveen domains running on multi-
ple clocks, we need a robust communication protocol. Thisomol must ensure that when IPs
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running on independent clocks are composed together, higeresultant behavior is the intended
behavior. These protocols act as a gluing logic across thets including long interconnects.
Due to lack of tools for multi-clock designs, it is difficulb ensure the correctness of such pro-
tocols. Furthermore, artificial deadlocks can be introduas an artifact of the communication
protocols [112]. Artificial deadlocks occur when small sizdfers are chosen between synchro-
nous blocks. Consider the example shown in figure 1.4, witlelsygmous components b, ¢ and

d. We assume that the communication protocol works as follaesh component can execute
only if it has data on its corresponding inputs and its destim components are ready to accept
data.

Figure 1.4: An artificial deadlock

The signals from: to b andb to d are marked withw, indicating that components andb are
blocked for writing (output buffers full) , whereas sign&ism « to ¢ andc to d are marked with

r, indicating that the componentsandd are blocked on reads (input buffers empty). This means
thatd has data frond, but is waiting for data frona. Also, ¢ is waiting for data fronu, however,

a cannot write because is it blocked framTherefore, there is an artificial deadlock.

Secondly, every signal that crosses the clock domain regoime from of synchronization. Syn-
chronizers are used to ensure thatastabilityis avoided. All storage elements are susceptible
to metastability and mainly those at the boundary of the clock domains. Ticadil verification
practices (mainly simulation techniques) are not sufficierdetect such errors.

Metastability: The correct operation of a flip-flop depends on a stable inpuafcertain period
of time before and after the clock edge. This window is madefughe setup timeand thehold
time (discussed earlier in Section 1.2.2). If the setup and hetpiirements are satisfied, then
a correct output will be realized at a valid output level. Hese requirements are not satisfied,
the flip-flop may take much longer to reach a valid output leviélis happens mostly during an
interaction between two elements that are from differeaticldomains. To address this issue,
circuits must be designed such that thetastablesignal can settle to a stable vali@nchronizers
are effective in handlingnetastabilityif applied correctly. However, one has to be careful in
placing and using the synchronizers appropriately. Varitypes of synchronizers are used in the
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industry. A commonly used synchronizer is a two D-flip flop @yronization circuit that allows
ample time for settling of a complete cycle [116, 99]. Otleshiniques used in the industry include
Data-MUX synchronizers, FIFOs, handshakes, reset, pelsgewhere each scheme has a specific
structure and rules associated with it [125, 106, 107]. Twmdamnetastability, one can also ensure
that the signal is not sampled when it is changing. In thisetistion, we work at the protocol
level, and hence are not concerned with metastability, visienainly a circuit level problem. We
assume that at the circuit level, the above discussed spkutian be employed.

Errors also occur when there is a presence of combinatiagat in the synchronization path.
Since combinational logic is prone to glitches, a glitch t@ncaptured as a valid value by the
receiving synchronizer, and propagated to the design [125]

Next, we discuss another multi-clock domain model where&lgamous components communica-
tion asynchronously.

1.3.3 Globally Asynchronous Locally Synchronous Designs

For composing IP blocks with different clock speeds, dasigtowards GALS domain is another
solution. GALS designs provide the idea of making commuroocaasynchronous between syn-
chronous IP blocks. Each locally synchronous island in a GAlesign can be encapsulated in an
wrapper, which facilitates inter-island asynchronous eamication. In most cases, these wrap-
pers also generate the clocks for their own respective bletikninating the clock skews, which
are present in large synchronous designs. Various steastegh be employed to implement GALS
designs. Pausible clocking [232, 233, 202] is one suchisoluthere clocks are generated locally,
and appropriate logic is employed to stretch or pause thekbldue to full or empty signals at their
corresponding inputs/outputs. IP blocks can also be cdaedersing asynchronous interfaces [78]
such as mixed signal FIFOs [79]. For multi-synchronousgtes{114], loosely synchronous in-
terfaces [76, 75, 167] can be used. However, there is a |laGAbS frameworks and design tools
which makes it difficult to ensure the correctness of suclgades In this dissertation, we propose
solutions to create correct-by-constructions GALS design

There is another notion of GALS besides the one in hardwanea@t@ This GALS notion per-
tains to the distributed real-time embedded software. Wendesigns a real-time software for
a particular embedded platform, timing concerns can beadistd by synchrony assumption, and
the functionality of the software component can be model#d the so called 'synchronous lan-
guages’ such as Esterel [56], SIGNAL [32] or Lustre [123gvaient in French embedded systems
community. Correctness proofs of the functional model ohssaftware can be established under
synchrony hypothesis, analysis of the schedulability ehpotation, event acceptance and gen-
eration can be done in formal calculus, and then real-timbegltled code can generated which
is provablycorrect-by-constructionvith timing guarantees. In the following section, we discus
Polychrony, a synchronous language, that enables®ucéct-by-constructionlesigns.



Syed M. Suhaib Chapter 1. Introduction 11

1.3.4 Polychrony

In real-time embedded software, designs are run on distégboodes. The synchrony hypothesis,
which is assumed for communication between these nodeskdd®wn because the communica-
tion of events between different blocks is no long fast emaiogustify such assumptions. Hence,
GALS designs are being implemented to resolve this issuéstiltlited code generation, where
nodes communicate via asynchronous protocols.

Polychronous MoC [122] facilitates the description of sys$ in which blocks obey to multiple
clock rates, ideal for real-time embedded software. Theae#&or such multiple clock rates is that
such systems interact with the environment, and the ratehatrmenvironment generates values
are not necessarily known unless constraints are imposdaeoenvironment, which often is not
possible. Polychrony also provides a mathematical fouodab a notion of refinement, and the
ability to model a system from the early stages of its reaqnést specifications to the late stages of
its synthesis and deployment. Polychrony favors the pssive design of correct by construction
systems by means of well-defined model transformations ghegerve the intended semantics
of early requirement specifications and eventually proddenctionally correct deployment on
target architectures. Polychrony is a concurrency moderahactivities happen at their own pace
except when explicit synchronizations are required. Rolyous programs have been studied
to have various characteristics [43, 122, 41] that help mlya@ing designs that can be correctly
desynchronized [43, 122] into globally asynchronous lgcatnchronous designs.

1.4 Problems Addressed by this Dissertation

In this dissertation, we target three main problems that are
Problem 1
Definition: Lack of validation frameworks for latency insensitive designs.

Motivation: Several approaches have been proposed to deal with theepralbllong latencies in
global physical chip interconnects in an SoC design. One tsdate packet based Networks-on-
Chip (NoC), also targeted at interconnect latencies [40]. él@w they require sophisticated pro-
tocols to enable correct communication. Another approsdhe application of latency insensitive
protocols (LIP) to the synchronous designs to make themdstansensitive (LI) [71, 68, 69, 70].
The latency insensitive protocols require encapsulatfailenodules with wrapper logic and in-
sertion of extra memory elements along the long intercatsrigsed on their cycle delays. These
protocols are primarily applicable to hard IPs. For soft, IRsency insensitive protocol called
synchronous elastic flow (SELF) was developed [89, 88, 14B¢ correctness of such protocols
needs to be established to ensure that their applicatisepres the desired functionality of the
design. There are many ways one can ensure correctnessrafylansensitive systems. Dynamic
validation is one of the easiest ways to check for correcesas it helps in flushing out protocol
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design errors. However, such validation only covers cerfitgput sequences. Using formal veri-
fication techniques such as model checking is a more desivatidation mechanism, where the
design can be modeled formally and validated based on ifgepties. However, model checking
may turn out to be extremely resource consuming. Anothertavapnfirm the correctness of such
an implementation is to mathematically formalize it, aselon [70]. But mathematically proving
the equivalence of two systems is a challenging task andeyatrinl mistakes. It requires complex
mathematical proofs that are not straightforward to follmyvothers who want to confirm them;
hence every new variation of LIPs cannot be validated easilyg mathematical proof techniques.
Solution Proposed: We present validation techniques and frameworks for engurorrectness
of latency insensitive designs [206, 207, 214]. In our fraumik, we model the latency insensi-
tive design along with its synchronous counterpart, andklier latency equivalence [207, 68].
Simulation-based validation as well as model-checkingfaschniques can be used for checking
correctness of the protocols using our framework. This @@ is well suited for hard IPs, and
assume that these IPs satisfy #tallable property{68] which states that the block can be stalled
for arbitrary amount of clock cycles without losing its imal state. For soft IPs, we verified the
correctness of the SELF protocol in our framework as well #is wespect to the definitions of the
elastic machines [148]. We also present two LIPs: relajiestdoased and bridge-based. Our relay
station based protocol is a simplification of an existingtpecol presented in [68], and requires
relay-stations to be placed at strategic points along the iloterconnects. This may require multi-
ple place and route iterations. To alleviate these itematiove present an alternate protocol called
bridge-based protocols where the relay stations are megglgiced by wires with placement logic
blocks placed at the interface of the transmitter and rec&wmponents.

Problem 2
Definition: Lack of complete frameworks and design tools for ceating correct GALS designs.

Motivation: Complete transformation of a synchronous design to a laterssnsitive design
requires prior knowledge of the cycle delays on the longramenect. This is because existing
protocols require pipelining the long interconnects byiagdppropriate number of storage el-
ements on them. Moreover, the information of the long indenects and the number of cycles
required for data to communicate through them cannot be knowil after the final layout of the
design. Another problem with the latency insensitive desig that they were mainly proposed
for single clock designs. Given these issues, we considaposition towards a GALS design,
where the communication on the long interconnects is hdnoean asynchronous communica-
tion protocol. However, there is a lack of design methodigi®gnd frameworks to facilitate GALS
designs. In most cases, GALS designs are constructed usingcamethods, where synchronous
blocks are encapsulated with some wrapper logic and conwation is either handshake-driven
or bounded FIFOs are used. It is important to ensure thatdheranication protocol between
these IPs is correct and their composition yields the deésishavior. This becomes difficult due
to lack of validation tools. Furthermore, artificial deacks can be introduced as an artifact of the
communication protocols. Artificial deadlocks occur whemadl size buffers are chosen between
synchronous blocks.

Proposed Solution: We propose two different solutions for creating GALS desigRirstly, we
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propose a formal framework, where an SoC design composediltifectock IPs is analyzed for
“single-activation” property [211, 208], which means tfatall IPs of the system, either all their
the inputs and outputs have valid events at every clock tickocevents occur on any of them. In
our framework, if the property of “single-activation” haldor a design, then it can be transformed
to a behavioral equivalent GALS. Two behavioral-equivatiesigns produce the same functional
outputs for same inputs. We show behavioral-equivalengshbwing theoretically that systems
with single activation are latency equivalent to their GAd&sign. The single-activation property
helps in identifying designs that can be transformed to GAlith barrier synchronizing inputs
and avoiding complex handshake protocols. Nowginigle activationholds for a design, then it
can be transformed to a GALS design where its componentsxaute on independent clocks.
This GALS design is correct with respect to its behaviorg] hance does not need to be ver-
ified again. Secondly, we propose a design framework fotiti@ing correct-by-construction of
GALS designs. In this design framework, we start from a dpson as the Kahn Process Network
(KPN) [138] model, and perform architectural exploratiand propose appropriate protocols and
their refinements for GALS architectures. We theoreticsifipw that our refinements from a KPN
model yield a correct-by-construction GALS design. In oarrect-by-construction refinements
for GALS architectures, we assume that metastability iglteghat the circuit level.

Problem 3
Definition: Lack of frameworks for analyzing “true concurren cy” semantics for Polychrony.

Motivation: The existing semantic model of Polychrony [122] is based hen tagged-signal
model [151, 152]. For analyzing the properties of Polyclgrdmat creating GALS designs, we
feel that the tags are unnecessary artifacts, and conplibat semantic theory unduly. A de-
terministic program may have multiple possible synchr@nmierpretations. In this context, a
synchronous interpretation means that an observer is\obhgeahe behavior with respect to suc-
cessive reactions. Multiple possible synchronous ingggtions can occur when the environment
generates independent inputs at multiple unrelated rétes result, if sequential code is gener-
ated from such a polychronous specification, multiple pgokises will exist, and a choice of one
over another will not be correct without having extra coaisis on the environment. So if one is
interested only in the class of programs that has correctaitpie sequential implementation, one
would be interested in the class of endochronous specditafd3, 122, 41].

Proposed Solution:We propose a true concurrency semantic model of Polychrsimgypartially
ordered multisets (Pomsets) [131, 169, 18%tue concurrency semantiese useful to analyze
multiple behaviors that occur simultaneously, which intcast is different fromnterleaving se-
mantics where such behaviors occur in an interleaved manner (aflefaan [130, 166, 86]). This
formulation of Polychrony using Pomsets closes the gap éatvsynchrony and asynchrony by
giving a uniform characterization of both synchronous asyghahronous observations by consid-
ering the causality and functional dependency structuseRdmset [210, 215].
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1.6 Organization

This dissertation is organized as follows:

In chapter 2, we discuss related work including asynchremesigns and their classifications
followed by a discussion on synchronous design languagesth@h discuss latency insensitive
protocols and the design flow that leads to latency inseesttesigns. We then discuss desyn-
chronization [43, 122] and its relevance to GALS followedabgiscussion of GALS and existing
works in the area. We conclude the chapter by small discassiodataflow architectures and
time-triggered architectures and how they facilitate a GAlesign.

In chapter 3, we provide some background information rdleadéormal methods, model checking,
and the formal verification tools we use in this dissertatidde also briefly discuss functional
programming as we use SML, a functional language, for sittuuldased validation.

In chapter 4, we present our the relay station based protéémprovide the functional description
of the protocol as well as its SPIN [130] and SML [20] des¢dps. Since, these relay stations have
the criteria that they must be placed at strategic pointasoie that the signal propagation of each
wire segment is less than the clock period, we present aréliftgporotocol based on wires which
we call the bridge-based protocol. In this protocol, thayedtations are replaced by additional
wires.

In chapter 5, we present our LI validation framework that lbamused for validating latency insen-
sitive protocols. Our framework is based on checking lateguivalence between a synchronous
design and it latency insensitive counterpart.

In chapter 6, we show formal verification of elastic congail This section involves the collabora-
tion work done at Intel during an internship with Michael Kisevsky and Sava Krstic. We show
how the application of elastic protocol [89, 88] for soft IBatisfies the definition of the elastic
machines [148]. We also verify the protocol in our validaticamework.

In chapter 7, we present a trace-based formal frameworkfalyaing designs for transformation
to correct-by-construction GALS. Our framework is basedobservation of input/output traces
of the IPs. We also present a protocol based on barrier synization to enable this correct-by-
construction transformation.

In chapter 8, we present a formal refinement based framewhittwakes us from a KPN spec-
ification towards a GALS implementation. We consider foudfedent GALS architectures, and
provide the formal definitions for each of these. The architees we consider involve different
communication protocols [213, 212]. In thendshake-based architectune communication
between processes occur based on well known four-phassliekelprotocol, whereas in théo-
based architecturethe communication protocol borrows ideas from latencgmsstive protocols
with a fifo interface connecting the processes running oferdint clocks. Thesontroller-based
architectureconsists of a centralized controller that governs the ei@twf the processes. Fi-
nally, we have thdookup-based architecturthat avoids the signaling based protocols, and the
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communication happens based on fast data accesses frorkugp Istmrage which is located on-
chip. The architectures we present, consist of process¢sth continuous and monotonic, and
are also correct-by-construction. We show this by tramsiog the processes into deterministic
(I/0) automata, since they have been shown to be continuzdisn@notonic [156]. We show be-
havioral equivalence of the KPN and the refined architediyrensuring that the behaviors of both
are latency equivalent.

In chapter 9, we propose a formulation of polychronous systgl22] using true-concurrency

structure [215] of Pomsets [131, 169, 189]. This formulataxhieves an unambiguous char-
acterization of both synchrony and asynchrony by excligigensidering the scheduling struc-

ture [215, 198] of a Pomset. Instead of considering a tagire [152] to give a model-specific

time-stamp to events, we simply consider a Pomset based mbdee events are partially ordered.
Synchrony and asynchrony are captured by considering thetste of the partial order relation

that models the causal relations between events.

In chapter 10, we summarize our main contributions, and lodiecby a discussion on future
directions.



Chapter 2

Related Work

In this chapter, we discuss existing works and solutionp@sed in handling the issues related to
IP composition.

2.1 Asynchronous Designs in Industry

Asynchronous circuits have been studied for nearly fouades now, but still have not gained
an edge over synchronous circuits [54, 53, 52, 66, 93]. Tladwsonous circuits have various
advantages over synchronous circuits. We discuss thearaalges with respect to performance
and power below:

High performance: In asynchronous circuits, the next computation step cahistenediately as
suppose to synchronous circuits where the next computatasts on the transition of the clock.
This leads to potential gain with respect to performance., Bupart of this performance im-
provement is cancelled out by the overhead of adding additisignals for completion detection.
However, the performance for asynchronous circuits may warthe design. For example, tech-
niques such adlouble-rail encoding can be used to explaiata-dependendelays [195, 162],

to improve the performance of the circuits. Such technidwe® been applied toarry bypass
adders [234] antbokaheadadders [180]. Furthermore, at SUN Research, comparisomayo-
pipeline (asynchronous) and shift-register(synchronous) has been done to analyze the perfor-
mance gains [217, 172]. Aicro-pipelineis an elastic FIFO consisting of a cascading structure
of latches and controllers that pass data using handshgkelisig [195]. It was realized that a
carefully designed controller circuit for the micro-piped and its corresponding shift-register had
almost equal throughput.

Low power: The power in asynchronous circuits is consumed during asititan and based
on what parts of the circuit are activated. On the other hagdchronous circuits are active
during the transitions of its clocks, and not all of the tidoss are useful. There have been

17
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various experiments where asynchronous designs are\cleetter than synchronous designs.
At Philips Research Laboratories, asynchronous circuite weed for Reed-Solomon error cor-
rectors operating at different audio rates [53]. In [52]ptdifferent decoder implementations
(single-rail and double-rail) were compared with their dgronous counterparts. It was shown
that the asynchronous decoders consumed up to five timegde&s than their synchronous ver-
sions. Similar gains with asynchronous designs over tlyeiclsronous counterparts were realized
in[178, 159, 179, 110, 184]. In synchronous circuits, teghes such aslock gatingcan be used
to reduce the power consumption for synchronous circudwiever, it complicates the process of
functional validation and timing verification [119, 223].

There are various other advantages and disadvantagesmahaggious circuits, and the reader is
directed to [54, 93]. Next, we look at some classes of asymgus circuits.

2.1.1 Classes of Asynchronous Circuits

Asynchronous circuits can be classified as follows:

Delay-insensitive (DI) circuits: A DI circuit is designed to operate correctly regardlesshef t
delay on its gates and wires. There can be unbounded deldgavirtes and gates, and the circuit
would still work correctly [224, 98]. The class of DI circsits extremely limited and almost no
useful DI circuits can be built if one is restricted to a claksimple gates and operators [161, 63].
However, many practical components can be built if comptaxgonents, which are built out of
several gates, are considered. Some of the simple comooieatDI circuit include a wire (one
input - one output), toggle (one input - two outputs), C-eletrg a join (two inputs - one output)
and a merge (two input - one output). For more information éwciiZuits, the reader is directed
to [103]. Using these components, one can build a more congoleponent such asraodulo-3
counter [103].

Quasi-delay-insensitive (QDI) circuits: A QDI circuit is delay-insensitive except that it requires
isochronic forkswhere all outgoing branches are assumed to have eitheathe delay or within
some bounded skew [66]. This compromise over DI makes itilflsago build more practical
circuits using simple gates and wires [160, 51]. More detafl QDI, and its advantages and
disadvantages can be found in [161, 50].

Speed-independent (SI) circuits:A Sl circuit differs from a DI circuit with regards to the dgla
on the wires. In SI circuits, the delay on wires is considdcelde negligible, however a bounded
and positive delay is assumed for gates. More examples dargbe found in [39, 170].

2.1.2 Controlling Asynchronous Circuits:

Various methods can be implemented to control the asynolmogircuits. One way is to add
controlling signals that dictate the start and completibarooperation: a request signal initiates
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Figure 2.1: Handshake Protocols

the start of an operation, and when the operation is compdete@cknowledge signal is emitted
to indicate the completion of an operation [92]. Another vimyo use a delay element, such
as an inverter chain, that generates an acknowledge sigsaldbon how long the circuit will
take to compute a valid result. Furthermore, special aetimcircuits can be used to generate
acknowledge signals based on carry propagation patted2$.[1

Various protocols can also be implemented for controlliggnehronous circuits. Most commonly
used are the signaling-based handshake protocols.

Signaling-based Handshake Protocol

The handshake in most asynchronous circuits use signatwigqols that involve requests and
acknowledgements [218]. Such type of signaling protocaletbeen used in various architectures
including dataflow computing [28, 92].

Four-phase handshake In a four-phase handshake between a sender and a recegs/serttier
sends a request (req=1) for sending a data. Upon receivimigethuest, the receiver responds by
an acknowledge signal (ack=1) denoting that it has recdivedequest. These signals are then
reset to ‘0’ to allow for next transaction. Figure 2.1(aygtrates this behavior.

Two-phase handshake In a two-phase handshake, the sender and receiver comrteiiga
sending the same data as in the four-phase handshake, mptevelifference here is that the
every change detected in the request and acknowledge sigrainsidered as a new trigger. Fig-
ure 2.1(b) illustrates this behavior.

It can be realized that a two-phase handshake works betteregpect to power and performance,
since every transition represents a meaningful event. énctise of four-phase handshake, the
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request and acknowledge signals need to be reset for theraegtction. However, since the
two-phase handshake requires more complex logic for detechange in current and previous
values, power saved by this reduced control transmiss®offset (as seen in the case of ARM
processor [108, 109)).

Various encoding schemes such as dual-rail encodings sarbalused in the form of communi-
cation protocols for asynchronous circuits [94, 227].

2.2 Synchronous Design Languages

VHDL [205, 87], Verilog [222], and SystemVerilog [219] afeet most popular synchronous design
languages that are primarily used for hardware descrigtithmodeling. These languages follow
the discrete-event model of computation (MoC) [152, 151 allow concurrent processes to be
described procedurally. VHDL, derived from Ada [64] progmaing language, is a richly-typed

language, whereas Verilog is a limited-typed languagenatig a four-value bit vectors and arrays
for modeling memory [104]. SystemVerilog extends Verilogdading a rich user-defined type
system.

SystemC [13] language is a set of C++ classes for system mgdilat builds from Verilog and
VHDL-like modules. SystemC also uses a discrete-event hadd®mputation, but has a flexibil-
ity of operating with a general-purpose programming lamggual he extensions of SystemC with
different models of computations have been presented B][IHecC [113] is an extension to C
and is aimed towards system-level design. Both SystemC aeciCSgllow description of software
as well as hardware within a single unified framework.

Lustre [123] is a declarative synchronous dataflow languagmly used for describing reactive
systems. The objects are represented by flows which are aitendiequence of values. These
flows are defined by their equations. Lustre consists of thalugperators: boolean, arithmetic,
comparison and conditional. It also has two temporal opesdor describing sequential functions:
pre and—. For a flowz, pre(x) denotes the previous value of At the very first step, the value
of pre(z) isnil. On the other hand, for any two flowsy, © — y denotes that the flow in the first
step is equal to x, followed by y thereafter. The Lustre paoghas a master clock which dictates
the behavior of the program. All the flows of the Lustre prograre associated with the same
clock.

While Lustre is declarative and mainly focuses on datafloveetsy Esterel [56] is an imperative
language and is well-suited for describing control. An Edtprogram consists of a collection of
nested, concurrently executing threads that are descintygeratively. The threads communicate
with each other using signals. The input and output signais ke either pure signals (carry-
ing presence or absence) or valued signals. The commuondagitween threads occurs through
synchronous broadcastausality analysiss done to ensure that the Esterel program is deadlock-
free [44]. Esterel was initially designed for single clockrtiware and software designs, however,
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its extensions to handle multiple clock zones were recemthposed [55]. In multiclock Esterel,
statements driven by different clocks communicate thrauwghspecial devices called the sampler
and reclocker [55].

SIGNAL [47, 121] is a multiclock synchronous declarativedaage. Similar to Lustre, the objects
are represented as flows which are an infinite sequence @saBIGNAL program does not con-
sist of a global clock, which provides declaration of mu#iplocks. SIGNAL is more expressive
than Lustre, however, its clock calculus is more complexSIBNAL, each signal is associated
with a clock, and a type (boolean, integer, real,..) withdbemain augmented with a special sym-
bol L that represents absence of a value. SIGNAL consists of smaiber of constructs which
we discuss in Chapter 9.

SystemJ [120] is a design language proposed for modelingatijoasynchronous locally syn-
chronous designs. It is an extension of Java with synchroneactive features of Esterel [56] and
CSP-like asynchronous constructs [129]. Each local symdueisland consists of composition of
concurrent reactions that are synchronous. These islamishanicate with each other using CSP-
like rendezvous communication. Thus SystemJ follows thé.&pAaradigm where synchronous
blocks communicate asynchronously.

2.3 Latency Insensitive Designs

Latency insensitive protocolkIPs) have been proposed as a viable means to connect syiocisr
IP blocks via long interconnects in a SoC. As discussed in teei@us chapter, the reason why
one needs to implement LIPs on long interconnects stems tinenfact that with the increasing
clock frequencies, the signal delay on some interconnewseels the clock period. Therefore,
the signal takes longer than a single clock period to prajealgetween IPs. LIPs ensure proper
communication over these long interconnects. To rendes@é¢o be latency insensitive design,
a design flow based on synchronous composition and stepgfisement can easily be conceived.

2.3.1 Design Flow for LI Refinement

In this section, we describe a transformation procedurefiag a synchronous system to an LI
system. Figure 2.2 illustrates this flow diagram.

The steps to LIP refinement are as follows:

1. We start with a collection of synchronously communiogttomponents. These components
can represent custom-made modules or IP cores.

2. Floor planning and interconnection routing are done &cklfor long interconnects. If all
communication can be done in a single clock cycle, there isesal for LIP refinement.
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Figure 2.2: Refinement steps to LI implementation

3. If long interconnects are present then all modules arapudated with a block of control
logic. This encapsulation includes logic that controlsftber of the events, buffers, control
stations, repeater stations etc. to enable correct trasgmiof data.

4. Estimation using floor planning and interconnect rouisigone again, this time with the
encapsulated processes to relocate and evaluate the dal#yslong interconnects.

5. After finding the delays on the long interconnects, thegies can segment those long
interconnects with additional processes containing bsiffietches, forwarding stations, etc
to ensure that data is properly communicated through thgittterconnects. Depending on
the delay of the interconnect, the events can be compargedtfre point they are placed on
the signal to the point they leave the signal.

6. Floor planning and interconnect routing is done agaimsuee that no long interconnects
exist in the system.

We now look at the different LIPs proposed in the literature.
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2.3.2 Latency Insensitive Protocols

Several approaches have been proposed on how to createifphsleI hese approaches require
addingvalid and stall signals to the existing data wires, adding a wrapper to eantiuia for
communication using these signals, and finally adding soe@hamism to handle communication
over long interconnects.

Carloni et al. proposed a “correct-by-construction” methlody to design latency insensitive sys-
tems for single clock SoCs [68, 70]. In their approach, all oled (callecpearly are encapsulated
in a wrapper to form a “shell”. Their encapsulation makessthells to bgatient processeshose
functionality depends only on the order of the events of igmals, and not on their exact tim-
ings [68]. The wrapper encapsulation does not require nuadiifins of the internal logic of the
pearl, however it involves composing each module withegjualizer astall signal generatgrand
anextended relay statiorThe role of the equalizer is to align the inputs providedegearl, and

for each input signal it has two storage elements that aedigueue. Based on the inputs realized
by the equalizer, the stall signal generator places app@tepstall values on its stall signals. The
extended relay statiois placed on the output of thgearlto store the values in case the shell at the
output stalls Relay-stationgalso patient processes) are placed along the long inteect®1 They
act like pipeline blocks to store and forward data, and dordéleast two registers and control
logic. The shell or the relay station is stalled wheneverstiad signal is high for two consecutive
clock cycles. They also provide the theory supporting theembness claims [70]. However, in
their recent paper [153], they proposed another optimizetbpol for latency-insensitive design,
where a single stall signal would stall the process. Theyideothe details of their protocol and
its verification in [153]. However, their verification metthalogy is closely related and based on
our verification methodology for checking correctness efltitency insensitive protocols.

Casu and Macchiarulo show how they reduce chip area compatatitoni’'s approach [72]. They
use a scheduling algorithm for the functional block actorat and substitute relay stations with
simple flip-flops. One main disadvantage of their approatiasthe schedule has to be computed
a priori and depends on the computation in the process. Ithapge is made in any process, it
may result in the change of the flow of tokens and also maytrasimconsistency with the current
scheduling algorithm. In this case, the schedule has todzadated, which is expensive.

Boucaron et. al [200, 59] formalize the descriptions of tHayetations and the shell wrappers
for latency insensitive designs, and provide their respecbrrectness properties. The correctness
properties focus on the control flow aspects of tokens thrdhg components. They also provide
a solution for balancing the latencies on the paths in a ¢tgtemsensitive design. They analyze
the design as a weighted event/marked graph, where the ¢atigpunodes are shown as vertices
and the latencies are marked on the arcs. The relay statieriaserted based on the latencies.
However, this may still not make the graph balanced with @esfo the number of latencies on
the paths from the source to the destination nodes. Now torernbat the graph is equalized
based on the latencies, they insert new elements calletioinat elements on the faster arc to
slow them down. These fractional registers are mainly usegaphs with nodes that have loops
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(strongly connected) case. These fractional registerstatieally scheduled based on the flow of
tokens through the path. This idea is based on earlier woBdsu and Macchiarulo [72], where
a static schedule is computed for firing each computatiomaponent. The authors also provide
solution for the case where the graph is a directed acydiply(DAG). In [60], they also provide
an extension where the components can be considered torftlgendent clocks.

Singh and Theobald [201] generalize the LIPs for complewask topologies, where they propose
extensions to point-to-point communication channels ttuideforks andsplits Such specialized
blocks can be arbitrary connected to form a rich set of comaation topologies. They also
extend LIPs for GALS systems, where different componentsraa on their independent clocks.
In their approach all input and output signals are contdobg complex FSMs implemented in
the wrapper. [29, 30] provides an extension to this work Bspnting detailed architecture and
wrapper synthesis techniques. They provide an automatéthiat accepts interface specification
in component wrapper language (CWL), a high level specifindtdmguage [33], and produces
gate-level implementation of the wrapper circuitry.

Cortadella et al. [89, 88] presents another LIP caBgdchronous elastic flo§8ELF) which is
used to realize a latency insensitive or as they ca#lasticdesign. An elastic design is made up
of elastic modules that are insensitive to latencies onntergdonnects. Their protocol involves
transforming all the data wires to channels with data, vahd the stop signals, and replacing
all flip-flops with elastic bufferdEBs). An EB consists of two transparent latches with opposit
polarity that store data based on the control logic. Thigrobtogic also communicates with the
channels and governs the flow of tokens through the EB. Fig@rél@strates the SELF protocol,
where each channel can be in three staték:, transfer, andretry. The transition to different
states occur based on the values of valiggnd stall §) signals of the channel. They provide a
complete synthesizable description of #lastic buffers

Figure 2.3: Elastic Channel Protocol

This protocol primarily considers a white box model tanggtpipelining in microprocessor de-
signs, however, it can also be applied to black box modelsy Hlave also developed the theory of
elastic machinethat supports their protocol and provides properties foglastic maching148].

A design is elastic if the following three properties holargistence, backward liveness and for-
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ward liveness. The persistence property states that aticetasnponent must remain ready until
the transfer takes place. The liveness properties are &qutan terms of transfer counts on the
input and output channels, where forward liveness ensugstriansfers occur on output chan-
nels, and backward liveness ensures that transfers ocdapahchannels. These properties are
explained in detail in [148].

Stevens et. al [230, 111] modify the SELF protocol and pregosew interleaving protocol shown
in Figure 2.4. This protocol also has the same performandelasign benefits of the original pro-
tocol but it is targeted towards network communication aesyachronization. The interleaving
protocol has the advantage that it can ensure direct conuaiiom with asynchronous channel
where request and acknowledge signals switch in alteigpgimases. This protocol supports di-

- V'S - V'S
( Idle ) V.5 Crransferj V'S g@

Figure 2.4: Phased Elastic Channel Protocol

rect communication between the clocked and asynchrongiss End can be directly mapped and
synthesized into either clock or asynchronous networki¢alj230].

2.4 Desynchronization

Desynchronization of synchronous language specificatias studied for distributed deployment
for synchronous specification, mainly to analyze the asyorghaspects of GALS. The theory of
desynchronizationvas developed and its correctness was formally proven ih JAlso, various
characterizations of synchronous systems have beengdabzachieve a GALS implementation.
These are specifically the notions @idochronyandisochrony[42]. Benviniste et. al [41] pro-
posed that a synchronous system with the propergndb-isochrongan be implemented as a se-
mantically equivalent GALS architecture without the needany protocol. Arendo-isochronous
system has the property that each componeenochronousand the communication between
any two of its components isochronous A synchronous component is said todredochronous
when the presence or absence of each variable can be infecrethentally given the values of
the state variables and current inputs. The notion of ‘ehtoyy’ is used to decide the feasibility
of single clock implementation of a specification, or of atrdisited implementation over asyn-
chronous channels. However, the mathematical formalised to define such notions are highly
abstract, and are difficult to comprehend intuitively foriaeg program.Isochronyis a condi-
tion that mainly applies on common variables of two syncbtmcomponents where they must
agree on the values which are assigned to it at each timentndtence, there must not exist a
pair of reactions that is contradictory (i.e. both haveat#ht values on some common variables).
[186, 187] extends the notion of endochrony and isochronyaée these properties appropriate
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for composition. They introduce the notions of weak-endonit and weak-isochrony, which they
claim to be a criterion for guaranteeing correct distribntdf synchronous specifications [188].

Desynchronization techniques have also been studied dosfiorming synchronous designs to
asynchronous designs. In [61], a methodology for convgrsynchronous circuits to low power
asynchronous circuits is described. A doubly latched dsymous pipeline architecture [141]
is employed that can adapt its effective operating frequeéacthe supply voltage, facilitating
flexible and efficient power management [61]. [90] showsedéht protocols for desynchroniza-
tion and formally proves their correctness. Some invol@agng the flip-flops with the latch
based controllers with handshaking circuitry [141, 228jilerothers attempt to replace logic gates
with sequential handshaking asynchronous circuits wittbdimg signals with delay-insensitive
code [154]. In[91], various optimization techniques arg@&yed to reduce the overhead of desyn-
chronization. These techniques are based on clusteringeamabral analysis of desynchronized
designs.

2.5 Globally Asynchronous Locally Synchronous

A globally asynchronous locally synchronous (GALS) designsists of smaller components with
independent clocks. These components are usually develsgreg standard CAD tools and design
flow, and the communication between them happens asynalstyndn this section, we discuss
different GALS techniques and architectures proposedariitbrature.

One of the well known methodologies for GALS design is to uaesible clocks for controlling
the synchronization aspect of inter-module communicati@32, 233, 177, 175, 139, 173, 181,
228, 202] to avoid metastability. In this approach, the syaoous components are encapsulated
within an asynchronous wrapper. Each locally synchronénskluses a ring oscillator to generate
the clock. The clocks of the transmitter and receiver arpptd for data transfer between these
asynchronous wrapper. The communication between the lagymaus wrappers is done though
handshaking.

Using FIFO interfaces is another way of designing GALS. Flit@fers are placed between syn-
chronous components. A design with such interfaces camigphandle long interconnect delays,
but also provide an acceptable throughput between compof&s]. Furthermore, these FIFOs
help in handling synchronization between components. &, [fixed timing FIFOs were intro-
duced for communication between synchronous-synchramoulsi-clock domains), synchronous-
asynchronous and asynchronous-synchronous domainfieFuadre, mixed timing relay-stations
were also introduced for long interconnects. Their desiggsua two-flop synchronizer for han-
dling metastability. They also present designs for mutick relay stations that can be used for
latency insensitive designs with multiple clocks. In [76],source-synchronous communication
was proposed for different clock domains. In [77], absttewing diagrams were used to analyze
the interfaces between the synchronous domains, wherd88Jinsignal transition graphs [81]
where used.
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A modified-two phase asynchronous interface wrapper fornsanication between two locally

synchronous modules is presented in [173]. They also pepdaFO buffering mechanism to
enhance performance between inter-module communicatioft31], a four-phase asynchronous
wrapper is presented that handles multiple ports. A numb&AdS interconnect structures are
analyzed in [228], involving ring topologies and packesdé communication.

Loosely synchronous interfaces can also be employed fogrewhere the frequency relationship
between communicating blocks is well defined [76, 75, 167, In7such cases, a designer may re-
lax constraints about clock skew, and take advantage ohgariown clock frequencies. A system
can be classified into one of the following clock frequen@ssks [74]: (i) Exactly matched clock
frequencies (EMCF), (ii) Rationally related clock frequessc{RRCF), (iii) Nearly matched clock
frequencies (NMCF) and (iv) Arbitrary clock frequencies (ACFhere is also an orthogonal clas-
sification of systems presented in [115, 168] as synchrgraasiochronous, mesosynchronous,
multi-synchronous. A system classified as EMCF has all itspmmants run on the same clock.
The IPs are designed to assume that informative values @semiron every signal at the arrival of
the clock. A value ignformativelif it is of relevance to a system. In real hardware, every kloc
reads and writes informative values on their corresponisipgt and output signals at every cycle.
If these values are to be ignored or older values are to bedetschniques such as clock gating
can be used [37, 62]. Next, we have systems classified as RRCFe thieecomponents run on
different but related clocks. In such systems, the clockallahe components are related at the
root of theclock tree LetC' = {cy, o, ... ¢} be the set of all the clocks for a system, an@:;)

be the frequency of the clock. An edgés defined ag = {(c;, ¢;) : w(c;)|w(c;)}t, where| is an
acyclic relation and; # ¢;. If G = (C, E) is a directed graph, where E is the set of all edges, then
we call it aclock tree The frequency of the clock at the root of such a tree is olshothe multiple

of every clock’s frequency in the system.cfock treeof a system expresses the relationship of all
its clocks. The sub-clocks are created generally by usieguiency dividers/clock dividers. The
clocks have sampling points at which the new events occur.référ to these sampling points
asclock ticks Consider a producer and a consumer, where the clock freguértbe producer

is twice that of the consumer. Now, the producer can prodwoevalues in two clock ticks be-
fore the consumer can read them in its one clock tick. Nexthaxge systems with NMCF, also
referred to as plesiochronous, where the frequencies ase tlut different. For example, in the
design of network routers where each line card receivessreiam. These streams are generated
from different clock sources which are closely related mmi® of their frequencies [74, 145]. The
systems classified as ACF consist of clocks that are completegépendent, and arbitrary. Such
systems may have its components driven by some externd staaces. There are other classi-
fications of systems such as mesosynchronous and multhsymaus, where systems have same
clock frequencies, however differ in the phases [115, 168].

In [99], authors present a possible scenario that can leadnmetastable state due to clock tree
delaysin a GALS wrapper with stoppable clocks. Hence, theggse a modified wrapper protocol
to correct this problem. Furthermore, they propose a lpadlayed latching (LDL) scheme for
inter-module communication in GALS design. This LDL schamiasensitive to clock tree delays,

1| denotes divides.
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and does not employ stoppable clocks. In [167], delay autgdemetcharts are presented as a
formalism for representing communication protocols. Thsg flow control protocols to optimize
synchronization in rationally clocked GALS systems.

In [174], Mousavi et al. propose a formal framework for valig a GALS design in a syn-
chronous framework of SIGNAL. They theoretically show eglence of a design composed of
two asynchronously composed synchronous components liy ayachronous multi-clock model
preserving its behavioral equivalence.

2.6 Dataflow Architectures

The architectures for dataflow computing were developetierB0s and 90s, and we use some of
the ideas presented in these architectures which inclwst#tic and dynamic dataflow architec-
tures [95, 36].

In the static dataflow architectures, the information dyéty the instruction to be executed,
operand values, and destination address fields [34] areledanto specific templates calladtiv-

ity template§96]. Theseactivity templatesre then decoded by each node (referred as processing
elements), where each node consists of various units tladieenetrieving and storing of the in-
formation based on the presence of the appropriate operdimgsoperand slots in thesetivity
templatesonsist of present bits that indicate the presence of the dfegufficient data is present
for an operation, then the instruction is executed, ane#gslt is forwarded to the successor nodes.
The architecture consists of handshake signals to pase#ué to the successor nodes. Also,
the instructions are executed in a FIFO manner with at mosttoken (valid data) on each arc.
No more than one token per arc is permitted in the architectlihe reader is referred to [35]
for more details about static dataflow architecture. We alguore the idea of using message
structures containing operands with present bits indigatalid data which is similar to activity
templates [34].

Dynamic architectures were created to increase paratieibich were rather limited in static
architectures due to handshakes [35, 34]. The dynamictaotbies used the concepts of tagged-
tokens, where tokens consisted of a three part tag which wssd to identify the context of
the operation, the node, and iteration number for looptitmna. A “waiting-matching unit” was
used for collecting tokens destined for binary operatand, @airing them with the corresponding
matching tokens. If a matching token was found, the operatias enabled. Again, the reader
is referred to [35, 34] for details on dynamic dataflow aretitires. We use the idea of “waiting-
matching unit” for GALS as well, where the data is stored agttieved from a on-chip lookup
store, which is a small on-chip storage.
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2.7 Time Triggered Architectures

Time triggered architecture (TTA) was proposed by Kopetztihie specification for the design
on a distributed platform [143]. The architecture employeel use of global time for commu-
nication protocols to perform error detection and guami@eliness of real-time applications.
A two-phase design methodology was employed by TTA whickuohed architecture design and
component design. In the architecture design phase, tamstion between distributed compo-
nents and the interfaces of the components are completelyifigul in the value and temporal
domain [144]. The component design is then developed ubeggtinterfaces as constraints. The
TTA uses a spare-time model where the continuum of time istjpered into an infinite sequence
of alternating durations of activity and silence. The diarabf the activity is assumed to be larger
than the precision of the clock synchronization [144]. Bwbat occur on the same global clock
tick occur simultaneously, whereas events that occur duifierent activity interval durations, are
ordered based on their global timestamp. However, the enolVith time triggered architectures
is that it requires distributed platform to have clocks &t perfectly synchronized, which may be
problematic. [45, 46] presents an implementation architeowhich is a relaxation of TTA called
loosely time triggered architecture (LTTA), where the esiand the reads from the communication
medium is independently triggered by quasi-periodic cébowkich are non synchronized.



Chapter 3

Background

In this chapter, we discuss the relevant definitions pdrtgito our work. We discuss formal
methods along with some examples. We then elaborate on mbdeking. We further describe
some frameworks and tools used for model checking, andydeftuss functional programming.

3.1 Formal Methods

Formal methods include ways of describing the behavior stiesyis mathematically and reasoning
about them to prove correctness and analyze their behawibperformance. Formal methods are
needed in many fields of software and hardware systems, arelsigmificantly used for the safety
critical systems to ensure that they behave in a way theywgposed to behave. Errors in such
systems may result in damages in various aspects. Variohsitpies of formal analysis have been
developed, each having its own advantages and disadvantage

One such method of formal analysis is model checking [85].19@del checking by using tem-
poral logic was developed by Clarke and Emerson [85, 84] akasdly Queille and Sifakis [190]
in the early 1980s. Later on, many model checking tools ssc8RIN [130], SMV [166], UP-
PAAL [24], etc were developed. Model checking has been otleeopopular formal methods used
in the industry and we have used some of these model cheakalg to illustrate our method-
ology. We discuss more about the tools and methods used iwarkr in the later part of this
chapter. There are other techniques for formal analysis asa¢heorem proving [216, 23, 7, 26],
equivalence checking [197, 158], etc. Theorem provingesystare computer programs capable
of proving theorems and proofs by formulations of the probées axioms, hypotheses and a con-
jectures whereas equivalence checking involves checking@duivalence between two systems
which may be described using HDLs or as gate-level circoitén any other suitable formalism.
However, in this thesis, we use model checking approachesydl not focus on theorem proving
or equivalence checking.

30
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Figure 3.1: Traffic light controller

Formal methods employ various modeling frameworks [104§feecifying and describing various
systems. For a system to be correctly specified for its irgdidhavior, the correct framework has
to be chosen. Various modeling frameworks such as finite statomata [130], petrinets [176],
stochastic modeling framework [158], etc. exists in theustdy today for analyzing systems.

To illustrate the applications of formal methods, we willhealer an example of a traffic light
controller shown in Figure 3.1, which shows an intersectiith two signals: A and B. The finite
state machine representation of the traffic light contrafleshown in Figure 3.2 which consists of
four states and a set of transitions. Each state has spealifies/for signals A and B. The signals
can have three possible values: red, yellow and green. Tied pessible transitions that A and
B can take is described in the automaton in Figure 3.2. Thadbdefinition of this system is as
follows:

Let X = {A, B} be the set of state variables.
Let W = {red, yellow, green} be the domain ofi, B

then,P = {(z = w) | x € X,w € W} is the set of primitive predicates.
Let S = {s1,s9,53,54} be the set of states. Note théitC X x W. X x W has some
combinations wherér, w) are not possible.

then, P;, € P is the set of predicates true infor exampleP;, = {A = green, B = red}
in states;.
Let L = {(z :=w) | € X,w € W} be the set of action labels.
Let L;, be the set of actions taken optransition. For example,,;, represents the action taken
ont; whichis A := yellow.
Let T = {(so, Lty S0), (S0, Lt,, 51), (81, Lty, S2), (S2, Lis, S2), (S2, Lt,, S3), (83, Lts, S0) } b€ the
set of transitions wher& C (S x L x S5)

This formalism helps in clearly stating the intended bebaef the traffic light controller. From
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Figure 3.2: Finite State Machine of a traffic light controlle

the formal description and the finite state machine showngnrg 3.2, it can be clearly seen that
the state where both signals are green does not occur whacheésroneous behavior.

Next, we define what model checking is, how it is done and alsouds what tools we use to
experiment our methodology.

3.2 Model Checking

Model Checking [86] is an automated technique for verifyiogral models of systems. Applying
model checking to a design consists of several tasks thiaidacenodeling, specification and ver-
ification. The modeling aspect involves converting a degigma formal language representation
that can be accepted by the model checking tool. This proeethay require abstracting away
irrelevant details of the system that are not relevant ferattual intended behavior. Abstraction
helps to reduce the model size of the system, which previeatsroblem oftate space explosion
which we discuss later in this section. Specification of ttepprties require stating the properties
in some logical formalism which can be expressed in mangudfit ways such as temporal logic
properties [185], finite state machines [130], first ordgyids [83], etc. The model should be de-
signed such that it satisfies the required properties. Orchave the specified property and the
formal model of the system, we then verify the propertiesreggdhe design. The model checking
system may either terminate with a successful verificatidhesystem or will give a counter ex-
ample in the form of a trace indicating that the system faiteshtisfy the given property. The user
can then locate and fix the error, which either may be in theaieaddesign or may have occurred
due to incorrect specification of the system that is beingetexti The problem of model checking
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can be described as follows:

Let M be the model and lef = {so, s1, ..., s;} be the set of states in the model.
Let © be the formulae to be checked.
then,
model checking problem is wheth#f, s, = ¢, which means whether the formulass
satisfied ins;, for k = 0...1.

Referring to the example of the traffic light controller dissad in section 3.1, let us consider a
safety property that states whenever signal A is green, sligral B is red. We have the property
¢ being[](A = green — B = red). This property will hold true for the model at all states sinc
whenever, signal A is green which tsie at states,, then signal B is red. Apart from statg,
signal A is never green. Now, let us consider another prgpkét states whenever signal A is red,
signal B is green. We have the correspondinas[|(A = red — B = green). This property will
not be satisfied since in statg, signal A is red but signal B is yellow and not green. Therefor
the model checker will generate a trace showing that at s{athe property does not hold.

The main challenge in model checking is the problem of stadee explosion [166]. This problem
occurs in large and complex systems with many componentsriteaact with each other or in
systems with data structures that can assume many diffeatrgs. Some of the techniques can
be applied to alleviate the problem of state space expldb@trinclude abstraction [97], symbolic
representation [118], partial order reduction [147], sysimy [86], etc. These techniques help
reduce the model size of the system thereby easing the grotesrification.

3.2.1 Temporal Logic

Temporal logic [86] is a formalism that allows us to descritvel reason about causal as well as
temporal relations of properties. The analysis of systeynading temporal logic was initially
used by Amir Pnueli in 1977 [185]. Temporal logic is used fpeafying order of events in time
without introducing the time explicitly. Operators suchfasentually, Always or Never are used

to describe events and their temporal aspects in a system.

We talk about some of the common temporal operators in thesestion. There are many ad-
vantages of using temporal logic to specify systems. Oné@fntain advantages is that it has
a well-defined semantics. It is independent of the modelmgiage and it has enough expres-
siveness. Temporal logic can be classified iimtear temporal logic(LTL) and computation tree
logic with the distinction being how they handle the branchindnmunderlying computational tree
where a computational tree shows all possible executidmspsarting from the initial state. LTL
consists of a linear time structure and consists of tempgratators to reason about the behavior
along the path, whereas CTL consists of a branching treetsteuand consists of temporal oper-
ators to reason about behaviors among multiple paths [E&Erring to the traffic light example
in section 3.1, let us consider a property that states ifaiBris yellow, it will eventually become
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red. This property in LTL is specified a§ B = yellow —<> (B = red)). On the other hand, in
CTL, the property can be specified 4&/(B = yellow — AF (B = red)).

In our thesis we mainly focus on linear time temporal logi€l() which we define in the following
section.

3.2.2 Linear Time Temporal Logic

In linear time temporal logic(LTL), it is possible to defineoperties for all reachable states in a
single computational path. We show some of the commonly ggathx and semantics of LTL

with the example of the traffic light controller discussedsection 3.1. For a complete formal
treatment of LTL, one should refer to [86]. Revisiting the exde, we have two signals A and

B. Both signals can have three different values: red, yellod gieen. We show some of the
properties based on the example to illustrate the tempgpeaidors below:

Property 1. Always - It is denoted blf symbol.
Property: Always both signals A and B cannot be green at theedare.

LTL property: [|(=(A = green && B = green)). The property captures the notion that at any
time, signals A and B will never be green simultaneously. Toeqty is considered to besafety

property.

Property 2. Eventually - It is denoted by > symbol.
Property: When signal A is yellow, it will eventually changeed.

LTL property: [[(A = yellow — <> (A = red)). The property captures the notion that
whenever A is equal to yellow, it will eventually become red.

Property 3. Next - It is denoted by symbol.
Property: If the signal A is yellow, it will change to red in thext state.

LTL property: [|(A = yellow — X (A = red)). The property captures the notion that whenever
signal A is yellow, in the next state, it will change to red.

Property 4. Until - It is denoted byJ symbol.
Property: The signal B will not change to green until A chantgesed.

LTL property: [|((B = —green) U (A = red)). The property captures the notion that always B
will not change to green until A is red.

The properties of the example were not difficult to expregsabdimes, temporal properties are
not always easy to write [102]. Therefore, possibilitiegwbrs exist if a user wants to express the
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behaviors in LTL. A simple way to check if the intended beloa¥hat the user is trying to specify
is correctly expressed in LTL is to convert the LTL properttoia finite state machine [130]. Finite
state machine is a framework for formal modeling and pravaeease of visualizing the expressed
behavior. There are tools that automatically convert LTaparties to finite state machines [10,
150, 130].

3.3 SPIN

SPIN [130] is a model checker used extensively for verifaatf distributed systems including
control algorithms, data communication protocols, et®]13t was developed at BELL Labs [3]
by Gerard Holzmann. It was recognized by ACM (the AssocidoiComputing Machinery) with
Software System Award [16]. The specification language lise8PIN is a high level language
used to specify system descriptions and is called PROcesa M&nhguage (PROMELA). SPIN
is used to trace logical design errors of various systengdesand checks the logical consistency
of the specification. SPIN avoids constructing a globalestgiph as a prerequisite for verifica-
tion; instead, it works on-the-fly, which means that theestatre created during the verification
process. Its basic building blocks include asynchronoosgsses, message channels, synchro-
nizing statements, and structured data. Once the modellisthe user can simulate it with the
built-in simulator that supports random, interactive a$l &g guided simulation schemes. SPIN
can be used in three different modes: editor, simulator andier, which are integrated into a
user friendly GUI. Components are modeled as processes éndsdxchanged using shared vari-
ables and/or channels. SPIN targets efficient softwaréication primarily asynchronous systems,
however, we use it for verification of synchronous systen®NSriendly nature of manipulating
arrays allows for parameterization of the components basedimber of inputs and outputs. The
properties are specified as LTL and assertions within codso yarious optimization techniques
such as partial order reduction [80], statement merging]jtashing [229], etc, make SPIN faster
on certain classes of verification problems.

SPIN reports on deadlocks, unspecified receptions, flagsrpleteness, race conditions, and un-
warranted assumptions about the relative speeds of pexc€Eg]. It verifies LTL properties by
considering LTL properties as never claims in the form @tBi automata [130, 10, 150]. It then
verifies the model against th&iBhi automata. If the property is not satisfied, it generatesunter
example in the form of a trace file. This trace file can be loadexthe simulator provided by the
tool and checked for the errors in the model. For some prigsattiat are not expressible by LTL
formulae, it also considers verifying an automata in thenfof a never claim against the model.
For more information on SPIN, refer to [18].

We use these basic blocks to write synchronous models. Timencaication is done through
shared global variables. Since the processes run asymaisignin SPIN, we synchronize the
execution of all processes witltkock controllerin order to make our model behave synchronously.
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3.3.1 PROMELA

PROMELA is an acronym foPROcess MEta-LAnguagend it is intended to make easy abstrac-
tions of system designs. It is not an implementation langubgt a specification language. Spec-
ification in PROMELA consists of processes, message charamel variables. The processes are
global objects running in parallel unless specified. Messdmnnels can be declared either glob-
ally or locally within a process and are used to pass data tnenchannel to another. Message
channels areendezvou$128] in PROMELA meaning that a handshake occurs for sendrend
ceive operations in different processes. Variables camladsdeclared either globally or locally
within the processes. Depending on the state of the systgnstatement in PROMELA is either
executable or blocked.

/* The code illustrates a blocking instance. The executidhblock at while until the value of
a is equal to value ob wherea andb are variables. Once they become equal, then the value of
c will be added taz*/
while (a!l=b){
skip;
h

a=a+c,

For more reference on the PROMELA syntax, refer to [130].NsBImostly used for verification
of concurrent software systems rather than descriptiotsafware circuits. On the other hand,
SMV [166] which we discuss next is used widely for hardwargfigation systems.

3.4 NuSMV

NuSMYV [82] is a symbolic model checker used for verificatidrspnchronous as well as asyn-
chronous finite state systems. It is a reimplementation anéx@ension of the SMV model
checker [166]. The NuSMV model checker allows for writingcofnplex components in a modular
way, where each module can be instantiated multiple tint@dolvs several forms of specification,
including the temporal logics CTL and LTL, finite automata bsmtdded assertions, and refinement
specifications. This provides the user with a compreheadibkcription of the components of a
large design, and also helps in re-use of modules. Variovarnaed features of NUSMV allows
for simulation as well as verification of larger systems [8Rhe model checker combines binary
decision diagram (BBD)-based model checking [166] with SASdxl model checking [165, 57]
along with a reduced boolean circuit (RBC)-based bounded nobdeker [27].
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3.5 Vacuity check

Vacuity can indicate a serious flaw either in the model or engtoperty. Antecedent failure, where
a formulae containing an implication proves true becauseaitttecedent or the precondition of the
implication is never satisfied, is one of the reasons thabpgaty can be vacuously true. Revisiting
our example from the section 3.1, consider the followinghac®:

Property: When signal A is green and signal B is yellow therhmniext state B will change to
green.
LTL property: [[((A = green && B = yellow) — X B = green).

The scenario mentioned above is wrong and should never hapfmvever, since the antecedent
of the property is always false, the property will verify te tstue which is incorrect. Therefore, it
is important to check that at some point of time, the anteceblecomes true. One of the ways to
verify that can be to check if the negation of the antecedenever true [38]. For example, the
LTL property: [|-(A = green && B = yellow) will be satisfied implying that the antecedent
condition never occurs. Instead, the model checker shanémte a trace for the property if the
antecedent was true at any point, thus ensuring that theepyojs not vacuously true. Since,
we use Cadence SMV as one of the model checking tools, we carspéxify the property in
branching time logic. For example, the vacuity check fonabmentioned property in CTL can
be specified asE'F' (A = green && B = yellow) which states that there will exist a path in the
system which will have signal A as green and signal B as yelltvis check is also referred to as
trigger check

3.6 Functional Programming

Functional programming is seen to be highly relevant to tieeustanding of reactive and interac-
tive systems. A computation is expressed as a function amatéraction with the outside world is
modeled as inputs given to the function. Functional langsagovide a clean and simple semantic
model, which performs all computation by function applicat thereby providing a more abstract
notation to express computation.

We use Standard ML (SML) [171] for simulation-based valiolatof designs. SML offers an
excellent ratio of expressiveness to language complexityprovides competitive efficiency. SML
manages to combine safety, security, and robustness witbad deal of flexibility because of its
type and module system. Other features of the SML based Warkenclude:

e SML provides good expressiveness with its ability to treatctions as first-class values, and
its usage of higher-order functions. The availability opienative constructs provide great
expressive power within a simple and uniform conceptuahéwaork.
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e SML provides a high-level model which makes programmingerefficient and more reli-
able by automating memory management and garbage cofiectio

e SML does static type checking which detects many errorsatiation time. Error detection
is enhanced by the use of pattern matching and by the excepgchanism.

e The SML module system is an extension of the underlying polyhic type system thereby
providing separation of interface specification and immatation. These facilities are very
effective in structuring large programs and defining geneeusable software components.



Chapter 4

Latency Insensitive Protocols

In this chapter, we present two different latency insewssiprotocols: Relay-station based and
Bridge-based protocols. We provide the functional defingiof the protocols, along with code
snippets of their models in SPIN and SML.

4.1 Relay-station based protocol

The relay-station based protocol borrows the idea of refiatyosis and signal pipelining from the
earlier proposed protocol by Carloni et al. [70, 69]. In tha@iotocol, logic blocks called relay
stations are placed along the wires where the signal préipagdistance greater than one clock
cycle. These relay stations work as pipeline blocks to sextd ffom one shell to another over
a long wire. They consist of two registers that work like a ®IFEach process (callgaerl) is
encapsulated in a wrapper to formshell The wrapper consists of three main processes: an
equalizer, a stall signal generator and an extended reddipist Their equalizer process consists
of queues placed on each input with a logic that synchroriiesputs. The stall signal generator
creates stall signals based on the inputs received by tradieeju The extended relay stations (also
calledhalf-relay stationd73]) are placed on each output signals of the perl to enaldeiigg at
the output of the wrapper.

We present a simplified version of the relay station basedo@gp which includes the relay station
along with the shell wrapper. Our wrapper mainly consistthefequalizer that includes the func-
tionality of the stall signal generator, thus simplifyirigetprotocol proposed in [68]. Furthermore,
there is no need for extended relay stations at the outputs.

The refinement steps for transforming a synchronous systeardtency insensitive system can
be thought of as a two stage operation. The first stage ins@wneapsulating the synchronous
components and the next stage involves refining the interce to make them consistent with
the flow of events (Figure 2.3.1 of Chapter 2). In the first steageh module is encapsulated with

39
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an equalizer. An equalizer is a process instantiating tatepghat givern input signals and a stall
signal, it produces output signals and stall signals.

4.1.1 Formal Description

LetV be the set of data values arfdbe a countable set of time stamps. Unless otherwise specified
in this section, we assunié = N = set of natural numbers. An event V' x T is an occurrence

of a data value with a particular time stamp. However, in fstesns we consider, a special event
calledabsent evendenoted by- that may occur. Therefore, the set of all events is denoteddy
wherer € E and for all othere € E, e € V x T. Whene € V x T itis called aninformative
event A signals is defined to be a sequence of events, often denotegtas ... wheree; € E.

For the preliminary definitions, if is a signals[i] denotes theé/" event, hence eitheiii] € V x T

or s[i| = 7. The set of all signals is denoted By There are input signals, output signals stall
signals. A stall signa$, is a sequence of boolean events, isgls] € Bool x T. The set of all
stall signals is denoted by;. In our system, IPs are hardware modules that map inputisigna
to output signals, therefore we refer to them as processestoéess is a functionS™ — S™
wheren, m € N. A synchronous system consists of these processes wherawagation and
computation happens at the global clock. The communicaimang these processes is assumed
to be zero-delay and each process takes one cycle for cotgouta

In the remainder of this section, we define a few terms andinotthat are used in the chapter.

Definition 1. Givens € S ande € FE, we definee @ s = s’ wheres’ = e :: s, s.t. e is the first
element and is the rest of the signal.

Definition 2. Given one tuple ofn elements and another af elements(>) creates a tuple of
m + n elements< ay,...,a, > @ <bi,....,bp >=<ai,...,an,b1,...,0p >

Definition 3. Given two tuples of. events andh signals respectivelygp creates a tuple ofi
signals with an event appended to each signal.

<€y en >P <S8, >=< e DS, e DSy >

Definition 4. Latency Equivalence: The two signals;; and s, are said to be latency equivalent,
S1 = S92 < F(s1) = F(sq), Wwhere

1t may be caused due to lack of valid data in the producer otaltiee consumer’s request to delay a transmission
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F: S — Sbedefined asF(s) = o(s, 1,n) and,

o(s,i+1,n), if slij=r1
o(s,i,n) =< sli, if (i=mn)
sli] ®o(s,i+1,n), otherwise

F takes a signak as input and outputs a sign&l that contains na- events, but preserves all
informative events. The helper functientakes the signat, n which is the length of the signal

s and the initial index 1 as parameters.is defined recursively with the following cases: If the
event at current index is, theno is called with the index incremented. If the event is n@nd
the index reaches the length of the signal, thgerminates by returning the last event, otherwise
the informative event at th&" position is returned witlar called to check for the next event.

Definition 5. Sequential composition: Given two processes;: S* — SY, po: SY — S and
s1, -+, 8, € 5, we define the sequential operatoas:

D2 Opl(Sla T 73u) = p2(p1(817"' 7Su))

Definition 6. Feedback composition [135]: Given a procesg: (S x.S) — (SxS) ands;, s;, s, €
S, we define the feedback operai®B,(p) as:

FB,(p)(si) = sx wherep(s;, s;) = (sj, sk)

The signals; is an internally generated signal and the behavior of thétfaek process is defined
using fixed point semantics [135]. For unique fixed point tssgxve assume all processes to
be monotonic and continuous. For simplicity, we define theglback composition for a specific
process with two input and output signals, though it can Iséyegeneralized for processes with
multiple inputs and outputs.

Definition 7. Vectorization functionY"_, (exp(i)) evaluates the expressienmp(i) for i from 1 to
n.

Tisi(exp(i)) = < exp(1), exp(2),- -, exp(n) >
where,exp(k) is a textual replacement afoy & in exp(i).

An equalizer £€) is a process that given input signals and a stall signal, it produce®utput
signals and: stall signals. The functionality of the equalizer can bed#d into three modes:

1. Disable modeln this mode, the equalizer is stalled by another processith an input stall
signal. The equalizer sends absent events on all its ougnals and enables all the output
stall signals using functiomsertStl(shown in Definition 8).
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2. Absent modeln this mode, the equalizer receives an absent event onfotseirmput signals
and its input stall is disabled. The equalizer sends absamt® on all its output signals
and stalls only those processes from which it received arnmdtive event using function
InsertAbt(shown in Definition 8).

3. Present modeThe equalizer receives informative events on all its irgdgihals and its input
stall is disabled. It places these informative events onailput signals using function
InsertEvt(shown in Definition 8).

Definition 8. Equalizer (£) : Givensy,...,s, € S ands, € Sy, the equalize€: (S x Sr) —
(S™ x Sr™) is defined as:

E(S1,. ., 8n,8) = eval(sy,...,8n, S, 1, ..., 1)

where,
eval(Sy, ..., Sn, St1 12 S12, 11,12, -+, 0n) =
if (s;1 = false) then
if (37_; (s5[i;]) = 7) then
InsertAbt @ evalnextindex
elselnsert Evt @ evalnextevent

elselnsertStl @ evalnextstall

InsertAbt = < 7,7,...,7 > O T} (exp:(j))
InsertEvt = T?Zl(Sj[Zj]) O < false, ..., false >

InsertStl= < 7,7,...,7 > () < true, ..., true >

evalnextinder = eval(si, . . ., Sn, st, Tj—; (exp2(j)))
evalnextevent = eval(si, ..., Sn, s, Vj_y (ij + 1))
evalnextstall = eval(sy, ..., Sn, 81, Vj_; (expa(j)))

exp1(j) :if (s;[4;]) = 7 then false elsetrue

expo(j) : if (s;]4;]) = 7 theni; 4 1 elses;

The equalizer is defined using a helper functonl that takes: signalss, ..., s,, , a stall signak,
and initial indices for each input signal..., 1 and returns: signals andh stall signals. The initial
indices are given assuming that the first event for each kigaathat position.
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4.1.2 An Example

Let us consider an example shown in Figure 4.1. In the exantpére are two synchronous

Clock

— | |
i

y

Relay -

Station EaQ

Figure 4.1: Relay-station based latency insensitive pabdtoc

processes’ and() that are encapsulated with their corresponding equalizef3 and Eq(). We
call this encapsulatio?’ and()’. There is a delay of two cycles on the interconnection betwee
P"and(’. Therefore, one relay station is placed on the interconimgoérmit successful transfer
of data fromP’ to (’. The solid arrows denote the data signal whereas the ligteditines denote
the stall signals. The proce$% reads data from the environment and proo@4§sperforms its
functionality, and provides the data on its output whichregts the relay station. On the following
clock cycle, the relay station outputs the dat§)toAfter ()’ computes, the data is output on its two
output signals. One of its outputs connect backtpand other provides data to the environment.
All the components are connected by a single clock. If vadithds not present on any of the input
signals of a process, then the process is stalled. We asbatresich data signal is associated with
an additional valid signal (not shown) which indicates wieetthe data is valid or invalid. For
each process, its stall signals are enabled/disabled le#tnation processes. This is because
if a process is not ready to accept valid values, it can disablprevious processes to stop them
from producing new values. This feedback mechanism is ptevtbe usage of infinite buffers. We
assume that the processes considered here are detemrfumstiions, and are continuous as well
as monotonic [138, 135].

4.1.3 SPIN Model

In PROMELA, an equalizer process and its composition wiloiiginal process is modeled. The
PROMELA code of an equalizer for a process with two inputshisv in Listing 1. The SPIN
model of the equalizer consists of two temporary buffersefmeh signal to store the values on the
incoming signals. We also declare variabldid; which keeps the track of the number of infor-
mative events in the buffer forignal;. In every clock cycle the equalizer reads a value during
the read phase and store the value in the temporary variAbléhe value is stored, theilid; is
incremented for that signal. In the write phase of the samekatycle, the value is written on the
output provided the buffer count (ize:lid;) is greater than 1 for all signals. Otherwise an absent
event is placed on all output signals. The logic for the ougpall signals of the process are based
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on the number of informative events on the buffer.

Listing 1: PROMELA code for Equalizer

{Comment: The code for the equalizer is presented beloentiype 4==1 means that event orignal 4 is infor-
mative. There are two temporary buffers for each signainpl 4 is the first temporary buffer for signal A and
temp2 4 is the second temporary buffer for signal A. The varialttd! == 1 denotes that the equalizer is stalled.
pr oct ype Equalizer()}{
int validy, valids;
loop:
Synchronize reading with other processes.
/* START OF READ PHASE */
if
O (eventtypes && wvalidy == 0) — validy++;
Store value intempl 4
O (eventtypes && wvalidy == 1) — validy++;
Store value intemp?2 4
O (leventtype 4 && valid; == 1) — templ 4 = temp2 4
Oelse — skip
fi;
if
O (eventtypep && validy == 0) — validy++;
Store value intemplpg
O (eventtypep && valids == 1) — valids++;
Store value intemp2p
O (leventtypep && wvalidy == 1) — templ g = temp2p
Oelse — skip
fi;
Synchronize writing with other processes.
/* START OF WRITE PHASE */
if
O (validy > 0 && wvalids > 0 && ! stall) —
validi—; valida—;
Place events on output signals
[ else— Place absent events on output signals ;
fi;
Set output stall signals based omid; values
goto loop;}
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4.1.4 SML Model

In this section, we discuss the SML model for the latencynsg#&e protocol for simulation-based
validation. In SML, a finite signal is modeled as generic hghereas an infinite signal is written
as delayed function application as shown in Listing 4.1.

Listing 4.1: Finite and Infinite Signal

1(x Definition of a finite signal %)

2datatype signal = nil | 'a :: 'a list

3

4(x Definition of an infinite signak)

sdatatype infseq = nil | cons of 'a x (unit — infseq)

For convenience, we formulate an event to be a list of two etdgs) where the first element is
the value and the second element identifies whether the svantinformative event or an absent
event (ege; = [3,1] is thej™" event with 3 as the value and 1 as the identity of the éyeWe can
also model an event as a tuple of two elements, however, Wergceuse a list instead due to the
ease of their built-in manipulation functions provided MIS A signal can then be formulated as
a list of events. (egs; = [[1,1],[2,1],[3,0],...]).

Listing 4.2 shows the implementation of theualizer process in SML. The equalizer reads one
event from all the input signals of a process along with amefrem the stall input. It then checks
if all the events at a time are informative. The check for ¢ses done through thetypes and
info functions (lines 6-13). The functionality setting the ktalues forDisable modes done by
the stallon function and the output is given g (line 21). The stall values when the equalizer is
in absent event mods set bystallset function and the output is given 2 (line 20). Finally, the
valid modeoutput is given by1 (line 19).

Listing 4.2: Equalizer

equalizer() =fn s = fn st = f(s,st,indexstart(length(s))

—
c
=}

—
c
=}

f([],stl::st,.)
f(s,stl::st,i)

e, =01 f¢.-.[H =1 |

—h

un etype(xl::x2) = x3 etype ([])=nil

un etypes[] = [] | etypes(xl::x) = etype(xl) @ etypes(x)

un info [] = false |

nfo(x1::[]) = if (x1 = 1) then true else false |

nfo(xl::x) = if (x1=1) then ( info(x)) else false

val allevents = e(s,i)(x Events from all the signals at a time)

© N O UANWwN R
—+ D
—

—
=}

©

i
o

[N
[

12 val allinfo = if info(etypes(allevents)) = true

13 then true else false (x True when all events are informative)
14 fun stalloff(0) = [] | stalloff(n) = [1] @ stalloff(n-1)

15 fun stallon(0) = [] | stallon(n) = [0] @ stallon (pA1)

16 fun flipval(x) = if x=1 then 0 else 1

17 fun stallset ([]) =[] | stallset(x1l::x) = [flipval(x1)] @ stallset(x)
18

19 val el = [allevents ,[stalloff(length(allevents))]]

20 val e2 = [tauevents(length(s)) ,[stallset(tags(allevent$]))

21 val e3 = [tauevents(length(s)), [stallon(length(alleven}g)

22 in

21 corresponds to an informative event and O correspondsabsent event
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23 (case(stl) of

24 1 = (if allinfo = true
25 then ([el] @ f(s,st,incrementindex(i)))
26 else ([e2] @ f(s,st,incrementempty(i,etypes(allevents))))

27 ) |
28 0 = ([e3] @ f(s,st,i)) |
20 - =[]

30 en

(o}

The equalizer process is then sequentially composed with the synchropmgcess to form the
shell of the process.

Listing 4.3: Shell Encapsulation

shell() =fn s = fn st = Increment() (#1(Punzip() (Pequalizer() s st)))

fun
fun

unzip() =fn s = (unzipsig(s),stallval(unzipstall(s)))

4.2 Bridge-based protocol

In this section, we propose a new latency insensitive pabtedhich disposes of the relay-stations
by adding some interface logic and wiring. While this apploesquires more wires, it does not

increase the number of components that have to be placethemdore uses less iterations for the
placement and routing. The relay-station based approaghres multiple place and route itera-

tions to estimate the number of relay-stations requirecttplaced on the long wire. Furthermore,

these relay stations are to be placed at strategic pointstore that the signal propagation of each
wire segment is less than the clock period.

4.2.1 Protocol Description

In this protocol, instead of placing relay stations along tbng interconnect that connect two
modules, we place laridge at the interface of the modules. The basic idea of our apprizibhat

if a event between two components takes two clock cycles,Myesend one value every second
clock cycle thereby adapting the communication speed twemponents to their distance. An
outgoing interface takes care of this restriction, andistéle sending component whenever it
delivers values too fast. While this eliminates all relayistes, it however slows down the system
significantly due to an increasing number of stalls. We eiate this slowdown by additional
communication lines. The number of interconnects needpdrakon the interconnect delay. For
example, if there is an interconnect delaynofycles, them interconnects are placed in-between
the processes for each wire. Note that in most casesn the range of 2 or 3.

These additional wires are an extra cost; however in modercegses it is less expensive to add
parallel wires than to add components such as relay-statuich take additional area. However,
one may argue that these long interconnects may cause Isigmaf integrity. This may not be true
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in this case as our motivation is driven from the fact that Idtk speeds have increased and the
interconnect distances have remained constant. We ashafmfthe clock speed of IPs is reduced,
then the same interconnect would not be considered longhé&munore, to allow these multiple
interconnects to be packaged successfully, multi-meg¢alaierarchy of interconnect levels can be
used. Traditional packaging approach uses a two-levaicotmection, however these can go up
to 10 levels of Cu interconnects for 90nm-generation logiga#s [182, 191].

The bridge based protocol requires insertion of a bridgegs® on the long interconnects, and
a bridge process is a composition of two processesspltter at the output of a “shell” and a
mergerat the input of the other “shell”. Thieridge not only ensures correct flow of events from
one process to another, but also ensures that the delaywedethe events is minimized. Each
bridgeprocess has one input signal and one output signal. The tdlagkam of theoridgeprocess

is shown in Figure 4.2. To ensure that the events corredlyster from one process to another

roN
7 \
{ \
I 0
L

=  Splitter Merger -

Figure 4.2: latency insensitive system with Bridge

through long interconnects, we add extra interconnectsatieebounded by splitter on the source
and amergeron the sink.

The splitter and themerger process are connected byinterconnects where is the delay on
the long interconnect. Henceplitter process has output signals. This process contains simple
placement logic for the placement of events on thesgnals. The splitter is implemented at the
output of a process, and it transfers events on the corresppsignal. The splitter only places
one event on one of the output interconnects and absentsexenplaced on the rest of the signals
at a particular time stamp. Assuming that there/aggents on the input signal of the splitter, at
every cycle, the* event is placed on the'" signal based on a rotational scheme. For example,
if the delay on the interconnect is 3 cycles, then in the figste; the first element will be placed
on the first signal and absent events will be placed on the dalesignals. In the next cycle, the
second event will be placed on the second signal and absemntsewill be placed on the first and
third signals and for the third event it will follow the schemAfter the third event is placed, in the
following cycle, the fourth event will be placed on the firgtle again. This rotation scheme will
continue for the rest of the events. This functionality isstrated by the definition shown below:

Definition 9. Splitter
Givens € S, the SplitterH : S — S™ is defined as:
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H(s) = spread(s,n, 1) where,

. ~ | place(x,n,i,1) @ spread(y,n, 1), ifi=mn
spread( :: y, n, i) = { place(x,n,i,1) @ spread(y,n,i+ 1), otherwise
x () insert Abt(n — j), ifi=1

place(x,n,i,j) = { T O place(r,n,i— 1,5+ 1), otherwise

. I ifn=1

insertAbt(n) = { T insertAbt(n — 1), otherwise

The splitter is defined using a helper functigpread(s,n,1jhat takes three parameters which are
the signals, delay on the interconneet and initial index of the signad. spreaduses theplace
function to send an event on the appropriate output sigria.flinctionplaceputsr on all signals
usinginsertAbtexcept for the'” signal on which it places thé&" event of the input signal.

Contrary to the splitter, we implementaergerthat takes: input signals and outputs one signal.
The merger also extracts one event from the input signaksdoas the rotational scheme as illus-
trated earlier and places it on the output signal. The fonetlity of themergeris formally defined
below:

Definition 10. Merger

Givensy,--- , s, € S, the mergetM : S™ — S is defined as:

M(s1,...,8n) = ext((s1,...,sn), n, 1) where,

ext((T1 2 Y1y vy T 2 Yn)y My i) =
rem((z1,..,xn),n,1) ® ext((y1,..,yn),n, 1), i=n
rem((x1,..,xn),n,1) & ext((y1,..,Yn), N, 7+ 1), otherwise

. z, ifi=n
rem(z iy, n, i) = { rem(y,n,i+ 1), otherwise
The merger is defined using the helper functienthat takes as parameters the signals. ., s,
delay of the signah and the index of the first signaéxt extracts the informative event from the
appropriate signal and places it on the output signal usiageimfunction. remreturns the event
at thei'" position.

4.2.2 SPIN based description

The model of a latency insensitive system with the bridgeeddaapproach was modeled and veri-
fied in SPIN in our validation framework described in chafeWe formally verify the assertion
for latency equivalence using the SPIN model checker foxamgle with two processes as shown
in Figure 4.3. The example is of a simple parity checker with processes? and(@, where based
on non-deterministic input, procegsproduces a value based on its input. Procgshecks if the
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Figure 4.3: Latency Insensitive System with Bridge

input is a 1 or 0, and outputs a corresponding boolean valoerdingly. We use our validation
framework (proposed in chapter 5) to ensuring the corrastoéthe protocol.

Listing A: PROMELA code for Splitter

{Comment: The splitter is placed at the output of a synchremoeodule connecting to a long interconnect. For this
implementation we assume that the interconnect delay i€ywi@s. The synchronization is done when the module
gives an output. The placement variable callédce is defined s.t wheplace == 0 then the event is placed on

signaly, otherwise it is placed omignal, }

proct ype Splitter() {
int place=0;
loop:
Synchronize with process.
if
O place == 0 — place=1;
Place event orignalg
Place absent event atignal,
O place == 1 — place=0;
Place event orignal
Place absent event atignalg
fi;
goto loop;}

The PROMELA code of the splitter process is shown in Listing/Me assume that there is a two
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clock cycle delay on the interconnect where the splittedasqd. A temporary variablglace is
defined that places the events from the input signals toreitly@al0 or signall, depending on
the current value of thgelace. These two signals connect the splitter and the merger. pldie
variable keeps changing every clock cycle.

The PROMELA code of the merger process is shown in Listing BeBam® the logic used by the
splitter, similar logic is used to read the values from the timcoming signals. Thelace variable

is offset in this module based on the delay on the intercanriéte values read from the signals
are then placed on the output.

Listing B: PROMELA code for Merger

{Comment: The code for the merger is presented below. Thean&rglaced at the input of synchronous module
on the long interconnect. The synchronization is done whemtodule reads. Thectract variable is defined s.t
wheneztract == 0 then the event is taken fromignaly, otherwise it is taken fromignal; }

pr oct ype Merger(){
int extract=0;
loop:
Synchronize with process.
if
O extract == 0 — extract=1;
Extract event fronsignalg
O extract == 1 — extract=0;
Extract event fromsignal;
fi;
goto loop;}

4.2.3 SML description

In this section, we describe the implementation of our eidgsed approach in SML. The SML
implementation of theplitter process is shown in Listing 4.4. An input signal and the caar
nect delay is given to theplitter process. One event is read from the input signaliarertevent
function (line 6) places the event from the input signal te ofthe interconnects and absent events
are placed on rest of the interconnects. The events areddlatiee rotational scheme as illustrated
earlier.

Listing 4.4: Splitter
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1 fun splitter(n) =fn s = f(s,1,n)
2

s fun f([1,-,2) =[] |

4 f(x1::x, i, n) =

5 let

6 fun insertevent(,j,0) =[] |

7

8

insertevent(yl,j,n) = {(f n = j
then [yl] @ insertevent(yl,j,nl)
else [[0,0]] @ insertevent(yl,j,rl))

in

P
» O ©

it (i =n)
then [insertevent(xl, i,
else [insertevent(x1, i,

[N
N

[
w

i
o
o

en

The SML representation of the merger is shown in Listing #lte extractevent function extracts
one event from all signals at a time (line 3). Extraction adreg from the signals is done in similar
way as they are placed on the interconnects by the splitter.

Listing 4.5: Merger

1 fun merger(n) =fn s = g(s,n,1)

2

3 fun g([I. n, i) =[] | g(x1::x, n, i) =

4 let

5 fun extractevent([],n) = []]| extractevent(xl::x,n) =
6 (case (n) of

7 1= x1 |

8 _ => extractevent(x, r1))

9 in

10 if (i =n

11 then [extractevent(x1l,i)] @ g(x, n, 1)
12 else [extractevent(x1l,i)] @ g(x, n, i+1)

i
w
(o8

en

The splitter and merger are composed together. The inpueseg of the splitter and the output
sequence of the merger are equivalent, since the order ofsewgitten by the splitter on the
output signals and the order of events read by the merger ifiom input signals is the same.
Therefore, the flow of events from the output of one shell s&tbe long interconnect to the input
of the corresponding shell is maintained.

Now, bridge delays its input by cycles. The delay on the bridge is modeled by indayproc
process that just delays the eventsrbgycles, wheren is the delay on the interconnect (List-
ing 4.6).

Listing 4.6: Bridge process

1 fun Bridge(n) =fn s = Delayproc(n) (merger(n) (splitter(n) (s)))

We now show, how we compose the procesBeand () to form a shell. We define intermediate
processesunzipP, and Punzip() to strip the values of the data, valid and stall signals from
the equalizer. These striped values are then provided terbeess. The SML code for this
composition is shown in Listing 4.7.

Listing 4.7: Shell of proces® and@
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fun Pshell() =fn s1 = fn s2 = fn st =
P() (#1(PunzipP () (Pequalizer() sl1 s2 st)))
(#2(PunzipP () (Pequalizer() sl s2 st)))

Qshell() =fn s = fn st = Q() (#1(PunzipQ() (Qequalizer() s st)))

0 N O U WN P
— -+
c c
= =

PunzipP () =
PunzipQ () =

fn
fn

n s = (unzipsigl(s),unzipsig2(s),formatstall(unzipstall)(9
s = (unzipsig(s),formatstall(unzipstall(s)))

—_
e
>

We then compose the two shells and the Bridge tolgetstem process. This process outputs
the result of the system when the two inputs are provided ecsttell of P along with the stall
signals for both the shells. Using this process, we can toempated the output of the system
with LIcompute process which takes in two inputs at shellffand its stall signal. Listing 4.8
shows the implementation of the processésystem, LIcompute andPshellstall. The function
Pshellstall gives the stall values for shell @f.

Listing 4.8: Latency insensitive system

fun Lisystem() =fn s1 = fn s2 = fn stl = fn st2 =
Qshell () (Bridge(3) (Pshell() s1 s2 stl)) st2;

AW N P

fun Llcompute() =fn sl = fn s2 = fn stl =
(Llsystem () s1 s2 stl (Pshellstall() sl s2 stl),
Lisystem () s1 s2 stl (Pshellstall() s1 s2 stl),
Pshellstall () s1 s2 stl);

fun Pshellstall() =fn s1 = fn s2 = fn st =>
(#3(Punzip() (Pequalizer() s1 s2 st)));

O © 0 N o U

[N

The final step involves taking care of the feedback signalgumctional languages, the feedback

is defined by the fixed-point semantics. For each evaluagolet; the feedback signal has to be
computed again. Listing 4.9 shows the fixed point computdto the feedback semantics.

Listing 4.9: Feedback Process

fun fb(p) = fixpt(p,s,[],length(s)+1)

(x The fixpoint is computed on event basis)

fun fixpt(q,s,sout,0) = sout| fixpt(g,s,sout,n) =
fixpt(g,s,(g s sout), Al)

AW N P

4.2.4 Case Study: Adaptive Modulator

We consider a case study of an adaptive modulator that eemdithree IPs: regulator, convolutor

and analyzer. The regulator module takes an input signahaodtrol signal and outputs based on
the control signal by adding a threshold value. This outpthién multiplied with a masking value

by the convolutor module. The output of the system is givethleyamplitude signal. The analyzer
module outputs the control signal based on the input of thelilmde. The connections of these

components are shown in Figure 4.4.

3In each evaluation cycle, a process consumes an input addq®s an output.
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Regulator

Mask signal

Multiplier

Input signal Amplitude signal

Figure 4.4: Adaptive Modulator

With these three IPs, we follow the refinement steps destiivé€hapter 2 to construct the la-
tency insensitive system. We have these three synchrommuganents. Early floor planning and
interconnect routing is done to find the delays on the intemects. We assume in this case that
the regulated input signal is a long interconnect. Henceem@apsulate the modules with the
equalizer and repeat floor planning to find the delay on the¥@oinnects. The long interconnect is
then refined by adding a bridge process. The new latencysitaerepresentation of the adaptive
modulator is shown in Figure 4.4. The SML implementation esi& using the components de-
scribed in the previous section. In order to check the ctmess of the latency insensitive model,
we create a model containing the latency insensitive implgation as well as its synchronous
counterpart with the synchrony assumption on its interectsn We feed the same input sequence
to both models and verify the latency equivalence of theipots as described in Chapter 5.

The case study presented here is just an example to show ledatéimcy insensitive refinement
of a synchronous system can be done and validated agairstigisal implementation. Any
deterministic functionality can be integrated in a syndags module and can be compared with its
latency insensitive refinement. Since, changing the fonelity is easy in a functional framework,
many case studies can be analyzed successfully. On thelahdrthe functionality cannot be
changed and verified easily when the system is being formalified using a model checker.

In order to check the correctness of the latency insensstpgtem, we setup the two systems as
described by our validation framework. We feed the sametispguence to both models and
validate for the latency equivalence of their outputs. Weeheplemented this latency insensitive
system for a finite signal input as well as for an infinite signput. For finite signals, we can see
the output of theFqcomparator process for as many input events given. In the case of infinite
signals, we can check for the desired number of input valaeomputation for infinite values is
based on delayed function application.
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4.3 Multiclock Extension to Latency Insensitive Protocol

The latency insensitive systems proposed earlier haverbeerly targeting single clock synchro-

nous systems where all components operate on the same &hMekow consider extending the

existing latency insensitive implementation for multckosystems where different components
with different clocks are connected via arbitrarily longerconnects. The need for a system with
components having different clocks arises when differBriblbcks from different vendor are in-

tegrated in the same system. At this time, however, we areperimitting the use of components

with defined clock relations, also called rationally clodlsystems. By clock relation, we mean
that there is a known ratio of the evaluation cydetween different components. In the SML
framework, the notion of clock is defined by the evaluatiooleyf the processes. This approach
therefore makes it possible to connect rationally clockestiesns.

We modify our original refinement methodology for multicko@finement. Before encapsulation
of the processes, we add @nsert and aStrip process to each synchronous component of the
system. Thdnsert process inserts absent events for each event on the original incoming signal
wheren is the ratio of events on the incoming signal to the numbervehts evaluated by the
process in each cycle. The output of thesert process is then given to the original process. The
formal definition of thelnsert process is shown below:

Definition 11. Insert is a process, s.tZ(s) = s’ where

s' = g(y,n) and,

{7’, ifn=1

fn) = 7O f(n—1), otherwise

g(al:z,n) = (@10 f(n)) Bylz,n)

We also place &'trip process at the output of the synchronous component. 3hi® process
removes the extra absent events inserted by#fsert process. The formal definition of tht&r:p
process is given below:

Definition 12. Strip is a process, s.8V(s) = s’ where

s'=g(y,n)and,t(zl :: z) =z

~ t(s), ifn=1
fls,n) = { f(t(s),n —1), otherwise

gzl x,n) = f(zl,n) P g(z,n)

“4In each evaluation cycle, a process consumes an input addges an output.
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Once these processes are composed with the original comipareecan then follow the refinement
methodology. In SML, we can easily modify our aforementiietency insensitive system to
an latency insensitive system containing components witerdnt evaluation cycles. The SML
implementation of the two processes is show below:

Listing 4.10: Multiclock Interface

fun Insert(n)=fn s1 = h(sl,n)

1
2 fun h([],-) = 1[I | h(xl::x, n) =

3 let

4 val sigl = [x1] @ tausall(n)

5 1n

6 [sigl] @ h(x,n)

7 end

8

9 fun Strip(n) =fn sl = f(sl,n)

o0 fun f([],-) = (1 |

11 f(xl::x,n) =

12 let

13 fun dr [] = [] | dr(x::xf) = xf

14 fun drop ([],-) =[] | drop(s,1) = dr(s)|
15 drop (s,i) = drop(dr(s),+1)

in
drop(x1l,n) @ f(x,n)
end

e
©® N o

TheInsert process appends absent events to an event received freputliézer process (lines 2-
7). The number of absent events depend upon the ratio of #leation speed of the process
and the rate at which the inputs are received fromdhpeilizer process. Similarly, th&trip
process receives one output event with extra absent evgpémded every evaluation cycle of the
system (lines 10-18). The extra absent events are discényglé¢lde Strip process. Both these
processes are composed with the shells. The prdeesst is applied to all the input signals of
the process. The parameterepresents the number of cycles used by the process compaased
single communication clock of the system. The SML impleragat is shown in listing 4.10.



Chapter 5

Validation Framework

Given various latency insensitive protocols (LIPs), it $sential to ensure the correctness of the
protocols that are being composed for latency insensitgguhs. There are various techniques that
can be used to check the correctness of the design. Simulzdiged validation techniques can be
used to check if the desired output is achieved for givenfsapats. Although dynamic validation

is appropriate for flushing out protocol design errors, suglidation only covers certain input
sequences. Furthermore, a latency insensitive desigmp&btaof receiving inputs which may be
delayed by an arbitrary time, which can not be validatedgudynamic techniques. Another way
to confirm the correctness of such an implementation is tdvemaatically formalize it, as done
in [70]. But mathematically proving the equivalence of twetgyns is a challenging task and not
beyond mistakes. It requires complex mathematical prdwafisare not straightforward to follow by
others who want to confirm them. Furthermore, every new trari&f latency insensitive protocols
cannot be validated easily using mathematical proof tegtes. Model checking techniques can
also be used to ensure correctness of a latency insenstignd however, in the case of an error, it
may be difficult to identify whether the error was cause duatancorrect design or an erroneous
protocol. Furthermore, due to the subtleties involved & abtimizations, it is plausible that the
newly invented LIPs have serious flaws. We have experierasdrt our attempts to optimize
Carloni’s protocol [68, 69]. As a result, we felt that thereaiseed for a framework where these
protocols can be quickly modeled and validated.

In this chapter, we propose such a validation frameworkdarmifies of latency insensitive proto-
cols, both for dynamic validation, useful for early debugleg, and formal verification for formal

proof of correctness. For formal verification, we use theNSRlodel checker [130] to verify the

correctness of an LI system, whereas for the simulationdssghnique, we use SML [20] for

quick validation. We compare and contrast the two techrsgunel find that the SML based simu-
lation for validation is a more convenient way to validate firotocols, especially for debugging
the early versions of the protocols. This can be a usefuldraonk in the hands of designers trying
to create new latency insensitive protocols or to optimiasteg ones for design convergence.

In order to formally verify such protocols, the LI system aslivas the synchronous idealization

56
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have to be modeled formally, and the latency equivalencedias captured as a formal property.
The best way is to provide designers with an easy to use framketw model and validate their
protocols. In this thesis, we provide a validation framewfmr families of latency insensitive
protocols. We present validation techniques and framesviok ensuring correctness of latency
insensitive designs [206, 207, 214].

5.1 Framework Description

In the framework, we model the latency insensitive systamalvith its synchronous idealization
and provide the same input signals to both the systems. Thpsesignals can also be latency
equivalent. The block diagram of the framework is shown guiré 6.4. In the figure, the environ-
ment provides the designs with two inputs and the designduaetwo outputs. The framework
can be modeled for any number of inputs and outputs. The framkealong with a synchronous
design and its latency insensitive counterpart consists sgnder environment, a receiver with a
comparator, and a feeder module.

Buffers full

Environment input

| i
! | :
! |

P ! | i

o | !

} | > | :

! |

! Synchronous ! |

! P . I !

! [ Design 0 !

} i - - :

} | qcom;aralor :

P P |

12D Sender Luret Receiver1 i

1 DO | Environment r--- !
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! ND data [ D] :

| L

| + rd |
I

i Feeder i chom;)arator !

I | -

| el | Receiver2

: > > Latency — i

I - P . stain | | |

: ] Insensitive !

| - . . 1 |

! Lol

| » Inserts ND > DeS|gn - —— ————— |

L ___ Buffers full ___fabsent eventd™ =~~~ 7] stall2

——» Valid signal D] Buffers

,,,,,,, +» Stall signal

e Daita signal

ND: Non-deterministic

Figure 5.1: Validation Framework

e Sender Environment: The sender environment provides non-deterministic datetio the
designs. Note that same inputs are provided to both desigims.sender is modeled as a
synchronous module that can be stalled based on its inptrotsignal. A high input control
signal indicates that the sender module can execute, afeitvis stalled. This control input
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is a NOR of the buffer full signal from the feeder and all thdéféufull signals from the

egcomparators (based on the number of outputs). For theefghown, the control input
signal is a NOR of three signals: two from the eqcomparatbtseaoutputs and one from
the feeder. Each of these signals indicate whether thegetdraffers in the corresponding
modules are full or not. An enable signal (high value) inthsahat the buffers are full, and
hence a NOR for any high signal would result a low output dieglthe sender environment.

e Synchronous Design:The synchronous design is assumed to consume and prodiate val
data on every cycle. The synchronous design along with gaténfrom the environment
has an environment signal. This signal indicates that the idavalid at its inputs and can
be gated with its clock. When the clock arrives, and the enwvirent signal is valid, the
synchronous design executes and produces a valid output.

e Feeder: The feeder module takes inputs from the sender environmehpeovides them
to the latency insensitive design. This module is mainlyduering formal verification to
insert non-deterministic absent events on the signalsettatiency insensitive design. This
insertion of non-deterministic absent events ensureskaigpthe correctness for unbounded
delay for the latency insensitive design. However, for faraerification, fairness constraints
are imposed on the delays. This means that that valid dat&weihtually be placed on the
signals to the latency insensitive design, and the deladynailbe infinite. This is due to the
basic assumption that the data is not lost due to the delag.cdhtrol signal of the sender
environment is also provided to the feeder, indicatingdvdita is produced by the sender
environment. The feeder makes a non-deterministic chdi@gtlver storing this data into
its buffers and inserting absent events on its outputs, mvaaing the data to its outputs.
The valid data is stored in the buffers of the feeder modulgcivact like a FIFO with two
storage elements. The two storage buffers are sufficienérisuring that the data is not
overridden. The stall signal is enabled when one of the baifbecomes full. By the time
the stall signal is read by the sender environment, the regatgroduced which is written in
the second buffer location. The feeder outputs data and s@nal to the latency insensitive
design. A high on the valid signal indicates valid eventgot¥ise it is an absent event. The
feeder also takes stall signals from the latency inseesitdsign. These stall signals indicate
that the latency insensitive design is not ready to accdptalaits corresponding data input
signals, and the feeder outputs absent events on these.

e Latency insensitive design:Application of latency insensitive protocol to the synawas
design yields a latency insensitive design. This latensgmsitive design is the design being
verified against its synchronous counterpart. For everytiapd output data signal, there is
an associated valid and stall signal.

e Eqcomparator: The Eqcomparator module is a reduced version of the@mualizer mod-
ule (discussed in chapter 4). Similar to the equalizer,Aheomparator process reads the
informative events from the output signals of the two desigynchronous and latency in-
sensitive). The informative events on these signals argaoed and checked to be latency
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equivalent. In the case when an absent event is seen on ohe ofitput signals, it is dis-
carded and the next event is considered on the same signalinfthmative events on the
two output signals are compared in sequence to ensure thrnetionality. This is done by
putting an assertion in the;comparator process. Appropriate buffers are placed to store
the values from the synchronous design. When the bufferaulirefstall signal is send to
the sender to stop it from producing new values. Listing hidws the SML code for the
comparator.

Listing 5.1: Eqcomparator

Eqcomparator () =fn s1 = fn s2 = compare(sl,s2,1,1);

—h

u

>

fun compare([] .-,-,-)= [] |
compare (,[],-,-)= [] |
compare(sl,s2,i,j) =

let

val eventl extractevent(sl,i);

val event2 = extractevent(s2,j);
val valid = if eventl = [] orelse event2 = [] then false else true;
val valpresent =
if valid = true
then if tag(eventl) = [1] andalso tag(event2) = [1]
then true else false
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= if (x=y) then true else false;

i
o

17 if valid = true andalso valpresent = true

18 then (if comp(value(eventl),hvalue(event2)) = true
19 then [true] @ compare(sl,s2,i+1,j+1)

20 else [false])

21 else if valid = true

22 then if (tag(eventl)<> [0] andalso tag(event2)<> [0])
23 then [false]

24 else if (tag(eventl) = [0] andalso tag(event2) = [0])
25 then compare(sl,s2,i+1,j+1)

26 else if (tag(eventl) = [0] andalso tag(event2) = [1])
27 then compare(sl,s2,i+1,j)

28 else if (tag(eventl) = [1] andalso tag(event2) = [0])
29 then compare(sl,s2,i,j+1)

30 else [true]

31 else [true]

32end

e Receiver: The receiver module receives the data from the two designthe framework,
the receiver module is combined with thgcomparator module. The receiver module also
provides non-deterministic stall signals to the latensgemsitive design.

In contrasting the two techniques, we find formal verificatio be useful when we want to ex-
haustively check the system for correctness for all posgiiatths. This approach may be time
consuming but would ensure complete validation of the syst@n the other hand, the SML based
simulation had its own set of advantages. We found SML basediation validation to be an

easier way to find the bugs in the protocol at an earlier phateealesign process by simulating
the framework with a set of test vectors and checking for tireectness of the system. Also, due
to the inherent denotational semantics of functional laggs, we found it easier to formalize such
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a framework. We realized that the formal definitions of thenponents of LIP could be naturally
mapped to SML. Hence, it was easy to model the framework in SM&o, the component of the
LIP were made generic such that they could easily be reusathleany component. It also helped
in making the models open to extension without making mamnghks.



Chapter 6

Formal Verification of Elastic Architectures

In this chapter, we show how we establish the correctnesgrathsonous elastic flow (SELF)
protocol [89, 88]. Application of the SELF protocol to a sjignous design yields an elastic
design. An elastic design is another term for latency insgasdesign. The SELF protocol is
briefly discussed in Chapter 3. The protocol works by repaeith the flip-flops of a design by
elastic buffers, and appropriate fork and join structuresused depending on the number of input
and output signals.

We want to ensure that the design resulting from the apphicatf the SELF protocol is elastic.
The definitions for an elastic architecture are present¢tl48]. We take the implementation de-
tails of the control of the elastic buffer, join and fork sttures from [89], and verify that they
satisfy the definitions of the elastic machines. Furtheentwr ensure data consistency, we verify
that the transfer streams of the elastic machines are lagavalent to the transfer streams of
its synchronous counterpart. This verification is done ransfer Trace (TTyalidation frame-
work for elastic machines (similar to our validation franta). We initially use the SPIN model
checker [130]. SPIN targets efficient software verificatmal is primarily used for asynchronous
systems, however, we use it for verification of synchrongissesns. Its friendly nature of ma-
nipulating arrays allows for parameterization of the comgias based on number of inputs and
outputs. The properties are specified as LTL and assertigdhsweode. We also model and verify
the elastic controllers using the NuSMV model checker [8Bjalr is more amiable to hardware
verification. However, the NuSMV model checker is unfrigntbwards handling and manipu-
lating arrays. Since, we want to parameterize the desigmresprocess the model based on the
number of inputs and outputs of the design using the GNU mgrpoessor [6].

This work primarily highlights the following tasks:

1. Verification of an elastic module composed bynanput join, an elastic buffer, and a
output fork structure, against the properties of elasticimee. (SPIN & SMV)

2. Verification for latency equivalence of an elastic desigth its synchronous counterpart.

61
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(SPIN & SMV)

3. Verification of variable latency unit for the propertidsetastic machine. (SPIN)

6.1 Elastic Module

In this section, we discuss the details of the elastic modAeelastic module results from replac-
ing the flip-flops of a design with elastic buffers, and addapgropriate fork and join structures
that provide support for its multiple inputs and outputsgufe 6.1 shows the application of the
SELF protocol to a non-elastic design to create an elastiduteo In the figure, the flip-flop is
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Figure 6.1: Application of SELF protocol

replaced by an elastic buffer, and join and fork structuresaalded to the input and output inter-
face of the elastic buffer. The source modules are considesehe producers and the destination
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modules as consumers. A valid transfer between the two rasdwlcurs when valid signal is high

and stop signal is low. The data is retransmitted in the cdsviboth the stop and valid signals
are high. The elastic module asserts the stop signal todaugers only when either its storage
elements are full or valid values are not realized on othgmads. The combinational logic rep-

resents the functionality on the data inputs. This inputnly @ccepted and stored in the elastic
buffer when high value is seen on all input valid signals.

6.1.1 Elastic Controllers

In an elastic architecture, each data signal is associatecawalid and a stop signal. These three
signals form a channel. We say that a transfer occurs on anehdrthe valid signal is high and
stop signal is low. A high valid signal indicates the preseatvalid data on the data signal. Each
elastic buffer has a single input channel and a single owpamnel. An elastic buffer is divided
into two parts: data and control. The control part contrbks flow of data through the data part.
The data signal connects to the data part, where as the validtap signals connect to the control
part. Many different control policies can be associatedhuhie elastic buffers. For example, in
W1 R, control policy, the data is always written to the first lataidahe data is read from the
second latch, whereas i, R; data can be written either in the first latch or second latet raad
from the second latch [89]. The promela code for the elastitebwith 1, R, control policy is
given in Listing 6.1. The code is divided into two phases:hhidnase and low phase. The high
phase represents the positive edge of the clock, whereagHage represents the negative edge.
In the data part, there are two latchésghlatch andlowlatch to store data, which are controlled
by the control signalsti_highlatch andctl_lowlatch respectively. In the control part, there are
four latches:H'1 and H2 which are updated in the high phase, drnidand .2 which are updated
in the low phase. The input data, valid and stall signals epeesented byatain, validin and
stallin, and the corresponding output signals are representédtasut, validout andstallout.
The behavior of the elastic buffer is given below.

Listing 6.1: Promela code for Elastic Buffer

Usoskokxskkxx  High Phase ssksorsokssk/
2/« Control part x/

3H1 L1 & L2;

4H2 L1 | L2;

sctl_highlatch = validin & !H1;
6ctl_lowlatch = L1 & !'L2;

7

8/« Data part */

9if

10:: ctl_-lowlatch — highlatch = lowlatch;
11:: else—> skip;

12fi;

13

14/ % xxxxxxxx  LOW Phase sxsxsxx*xx/
15/x Control part %/

16L1 = validin | H1;

17L2 = stallin & H2;

18ctl_highlatch = validin & !H1;
19ctl_lowlatch = L1 & !'L2;
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20
21/x Data part */

22if

23:: ctl_highlatch — lowlatch = datain;
24:: else —> skip;

25fi ;

26

27 %% %% QUtpUL sk x/

28validout = H2;

29stallout = H1;

3odataout = highlatch;

Next, we look at the join and fork structures. The join stauetis used for inputs and a fork
structure is used for outputs. There can be various implétiens for joins and forks such as
lazy/eager joins, and lazy/eager forks. The usage of apjptegoins and forks should be such
that there exist no combinational cycles when these stresi@re composed together.

Since the join structure is placed at the input of the compiaot of the elastic buffer, its inputs
are valid signals from its source modules, and a stop sigoali fts elastic buffer. The outputs
of the join are the stop signals to its source modules, andi@ signal to its elastic buffer. The
promela code for the parameterized lazy join structureviergin Listing 6.1. Assuming there are
M input signals, eaci” input valid signal is denoted aslidin[i], and the corresponding output
stop signal is denoted asopout[i]. Atits interface with the elastic buffer, it provideg&validin
signal as the input valid signal to the elastic buffer, areiges a stop signal from the elastic buffer
denoted agv Bstopout. The behavior of the lazy join is given below:

Listing 6.2: Promela code for Lazy Join

1i=0;

2do

3:: i==0 — EBvalidin = validin[i];

4 i++;

5:: i<M & i >0 —> EBvalidin = EBvalidin & validin[i];
6 i++;

7:: else—> break;

god;

9

10if
11:: M==1 —> stopout[0]=EBstopout;
12:: else—>

13 i=0;

14 do

15 <M=

16 stopout[i] = (validin[i] & !(! EBstopout & EBvalidin));
17 i++;

18 ;. else—> break;

19 od;

20fi ;

The fork structure is placed at the output interface of tlhsted buffer. Here, we consider an eager
fork which has a latch associated for each output. Assumiadhawe N destination modules,
the input to the fork aréV input stop signals denoted asopin[i] for 0 < i < N, and their
corresponding output valid signals denotedayidout[i|. The latches are denoted &®rk]i|

for the corresponding outputsr Bualidout and E Bstopin are the valid and stop signals at the
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interface of the elastic buffer.

Listing 6.3: Promela code for Eager Fork

1if

2:: N==1 — EBstopin = stopin[0];
3:: else—>

4 i=0;

5 EBstopin = stopin[i] & Fork[i];
6 i++;

7 do

8 i< N—>

9 EBstopin = EBstopin| (stopin[i] & Fork[i]);
10 i++;

11 1. else —> break;

12 od;

13fi ;

14

15

16if
17:: N==1 —> validout[0] = EBvalidout;
18:: else —>

19 i=0;

20 do

21 0 1 < N— validout[i] = EBvalidout & Fork[i];
22 i++;

23 ;. else—> break;

24 od;

25 fi ;
26

27/« Updating =/
28if

29:: N==1 — skip;

30:: else—> i=0;

31 do

32 i< N —>

33 Fork[i] = (stopin[i] & Fork[i]) | !'(EBstopin & EBvalidout);
34 i++;

35 ;. else—> break;

36 od;

arfi;

The verification model built was designed to be reconfigurédnl the number of inputs and outputs
to the elastic machine. This modeling style realized a pugtob model for verifying the design
with m inputs and» outputs.

6.1.2 Properties for Elastic Machines

For an elastic machine, three main properties are definesfehannels:persistenceforward
livenessand backward liveness The persistence property is defined for all the channelfi®f t
elastic machine. This property states that if there is advedilue being transmitted and a stop
is seen on the channel at the same time, then the same valie wél be retransmitted in the
following cycle. This property ensures that the data is st Wwhen a stop is seen. It should
re-transmit until the stop is disabled. A disabled stop amdl@ value on a channel means that a
valid transmission has occurred.
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The liveness properties ensure that the hungriest charingte elastic machine are not left starv-
ing. These properties are defined with respect to other iapdtoutput channels of the elastic
machine. The forward liveness property ensures that thgriest channels at the output of the
elastic machine are provided with valid data eventuallye Dhckward liveness property ensures
that the hungriest channels at the input of the elastic machill eventually have its stop disabled.

,,,,,,,,,,,,,,,,,,,,,,, Receiver n

Valid _p Stop Data

signal signal signal

Figure 6.2: Elastic Machine Blackbox

As liveness properties ensure that the hungriest chanhéh® anachine are not starved, a com-
parison of the number of transfers on the channels is dondetttify the hungriest channels. A
token count variable tct is used to keep track of the numbéolen transfers. For the properties
shown belowY is considered to be an output channel in the output chanhél,s¥ is considered

to be an input channel in the input channel eThe properties for an elastic machine are given
below [148].

1. Persistencd] (validy A stopy — X wvalidy).

2. Forward Liveness] (min_tcto > tety A min_tct; > tcty — <> validy)

3. Backward Liveness] (min_tct;,o > tetx — <> —stopy)

6.1.3 \Verification

The elastic module is modeled and verified using both SPINNuf8MV model checkers. The
producers and the consumers are modeled as environmemt®nVinonments provide the elastic
machine with non-deterministic values for valid and stgmals. Each data value provided to the
elastic module is a sequence of numbers generated from OdosdaantCt. The combinational

1A channel with the least number of transfers as comparedtr channels
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logic is of a simple adder. For this specific verification taslr input is a sequence of numbers,
and the adder is used as the combinational function. Thpshelwriting assertions to ensure that
data is correctly processed. The environment is also masdtiekuch that it reacts appropriately
to the elastic module. The elastic environment re-trarssthi# same data in the following cycle
when the elastic machine is stopped. Property verificati@hassertions were used to verify for
correct outputs.

During verification, it was realized that for backward liems to satisfy, the fairness constraints are
needed to ensure that the valid values are fairly seen orttiee imput channels. This is because,
the join structure stops the input channel when the valideslere not seen on other channels.
In SPIN, the properties were expressed as LTL, whereas, 8M( they were expressed as CTL.
Since, the liveness properties require taking the courtte@huumber of transfers on each channel
to identify the hungriest channel, this count can go up ty \enge integer possibly infinite. In the
next section, we describe how we model this token countefimta domain.

Token Counter

The liveness properties for an elastic machine are expmtesgerms of token counts on the chan-
nels. These properties assume infinite transfers on itg aopdioutput channels. However, given
the current state of the tools used for formal verificationded checking such properties for such
a design is almost infeasible. Therefore, we transform riaslel to a finite domain model by
restricting the counter size of tokens. We introduce twonteuvariables which we catl count
and/ count to compare the token counts. Both these counter vasi@oe dependent on thgn-
chronous distancef the module. The synchronous distance denotes the maxcapacity of the
module.

Definition 13. The capacityC(i, j) is defined as the maximum number of data storage elements
between the two channeland .

For example, given a simple elastic buffer (as defined eaxligh an input channed; and output
channels;, its capacity C{;, s;) = 2 (Recall that elastic buffer had two latches for data sfeya
The capacity of a channel is 0. The capacity can only be defomed path where the token
passes from one channel to another. With many channels, alencan have different capacities
for different channel combinations. Given different capeas between channels of a module, we
define its synchronous distance.

Definition 14. For a moduleg, and its input channel$ and output channel®, its synchronous
distancevz € I andVy € O is defined asnax(C(z,y)). We denote the synchronous distance as

Syn(o).

The synchronous distance denotes the maximum latency qmathan input channel to an output
channel. We set our count size to be equad$a(¢) of the elastic module.
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Theorem 1. For a moduleg, and its token counts:t; andtct; for some input channéle I and
some output channgle O, | tct; — tct; |< Syn(g).

Proof sketch: For an elastic machine, the token cotutf is incremented whenever a token transfer
happens at the input chanrelThis new transfer can only occur if there are empty storégaents

in the module in the path af For some output channglan upper bound can be realized if all the
storage element§(i, j), are empty, and there is no output token transfer on chgniiélis upper
bound is then equal to the capacity@f:, j). So, we ge{tct; — tct;) < C(i, 7). However, this
capacityC'(i, j) < maz(C(z,y), andC(i, j) < Syn(¢) implies(tct;—tct;) < Syn(¢). Similarly,

the token countct; is incremented whenever a transfer takes place at the atlipahel. When the
token is placed on the output channel, the storage elementegcting this output channel become
free. Furthermore, a token can only be placed on the outfhiié are tokens present in the storage
elements connecting to this output. Assuming all the semedgments have a token, the maximum
number of tokens than can be placed on the output is the ¢ga@i j) (assuming channélhas

no new incoming inputs). We gétct;, — tct;) < C(i,7). Since,C(i,7) < max(C(x,y), and
C(1,7) < Syn(¢) implies (tct; — tct;) < Syn(¢). Therefore, combining the two cases, we get
| tet; — tet; |< Syn(¢). O

Theorem 1 shows that the synchronous distance gives themaaxdifference of token transfers
between any two channels of the module. We use this synchsatistance as our count size for
counting token transfers on the input and output channetssald earlier, we define two count
variables,a count andg count in our model, thex count increments for every token transfer
up to modulo synchronous distance. For a charpgits o count for a token transfer is;, =
(as, + 1) mod Syn(¢). This means thak count increases up t®yn (), and re-initializes. Now,
we have successfully reduced the infinite count to a finitentof size Syn(¢), however, this
does not completely solve our problem. We now need to contpardifferent counts on different
channels. So, we now ugecount variable to keep track of the relative counts with eespo all
channels. This count updates for all the variables afteyexgcle, based on the transfer of tokens
on any channel, and the value of the correspondirgpunt. Therefore, we only have these two
counter variables in our model.

To show how these counters work, let us consider the scenafithe elastic module shown in
Figure 6.3. The elastic module has two inpuisl(in2), and two outputsdutl, out2) with a
synchronous distance of 5. So now, theount for each channel counts up to modulo 5. The size
of the 5 count is also equal to 5. Igenario i, the actual token count on channétd , in2, outl,
andout2 are 3, 4, 3, and 2, respectively. Now taking modulo 5, givethesy count of these
channels (same as actual counts). Howesearpunt updates with a window size of 5, and count
0 is allocated to the channel with least count. This chanrittl thie leasts count of O can also
be referred to as thleungriestchannel. The other channels are updated based on thenedifie

of token counts with this hungriest channel. Therefore dlv@unt of the channels inl, in2, outl,
and out2 are 1, 2, 1, O respectively. Hese{2 is the hungriest channel. Consider, in the next
scenaria + 1, the actual token count for all the channels increases. BsWex count is updated
based on modulo 5, the count for these channels become 4,0,4, and 3, respectiMelte that
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Figure 6.3: Scenarios for token counting

Channel scenario i scenario i+1 | scenario i+4
actual| o | § [ actual| o | § | actual| o [ 3 |

inl 3 3|1 4 411 7 2|3
in2 4 412 5 0|2 6 1|2
outl 3 3|1 4 411 5 0|1
out2 2 2|0 3 3|0 4 4,0

Table 6.1: Table showing how and count compare to actual count.

as thea count of channel in2 becomes 0, it becomes difficult to complae relative counts of
the channels. Based on the information of theounts, we cannot identify their relative counts.
However, the5 count update tells us that out2 is the channel with least murobtransfers. This
helps us identify the the hungriest channel. Table 6.1 shbesctuala, andS counts of the
three scenarios of Figure 6.3. Another scenario after 4esyislshown as well, where channel inl1
has the most number of token transfers.

Verification in SPIN

The elastic machine model is written in PROMELA, with threaimprocesses: environment,
combinational logic block and elastic buffer composed wiih and fork structure. The friendly
nature of using arrays and loops in PROMELA makes the paenmation of code simpler. The
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model is parameterized based on the number of ingditagmber of outputs®), the synchronous
distance of the elastic modul®4n) and the bound of inputs provided to the combinational block
([0, B]). The sender environment generates the sequence of numioeiido B as data input
with the valid values. The receiver environment generdtesstop values non-deterministically.
New data value is only generated by the environment whenid value is selected. Each signal
is modeled as a shared variable. Conditional blocking sttésnare used in PROMELA for
synchronizing the processes.

The combinational logic block of an adder is implementedisThodule is also parameterized
based on the number of inputs. The output of this module s logdhe elastic buffer process. The
elastic buffer with parameterized join and fork structuaeswritten in ongoroctypebased on how
they are connected together.

Two token counts are defined for each channelcount ands count. Thea counter for each
channel is incremented when a transfer for the channel cetuEvery time the counter reaches
Syn, itis reset to 0 and the count restarts from 0. Theount updates at every cycle based on the
least token count on the channels of the elastic module.

A single execution of the all the modules represents a siiglk cycle for a synchronous design.

Assertions are placed within PROMELA for ensuring that thn£omputed, i.e the output of the

elastic module, is correct. The persistence property itewias an assertion, where additional
variables are used to store the value of the previous stdte.lileness properties are written as
LTL properties in the LTL property manager.

Verification in NuUSMV

In NuSMV, each component behavior of the elastic module itew in a separate modules. In-
stances of these modules are composed together to get theddmshavior.

We use the m4 pre-processor to generate the NuSMV model loastiet number of inputs and
outputs. The user has an option of entering the four paramfeinput, output, the synchronous
distance, and bound of the data sequence generated by tinenement. The m4 pre-processor
creates the sender, receiver environments as well as thandifork structure based on the number
of inputs and outputs. The modules of the sender, receaiar,glastic buffer, fork and the counter
are written and composed together. The composed behaequigalent to its PROMELA model.

We specify the properties as CTL. These properties are atsonatically generated based on the
number of inputs and outputs. Both the model checkers yieidexdtical results (eg. fairness
constraint requirement for satisfying backward livenesgpprty).
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6.2 Validation for Data Consistency

Data consistency for the elastic machines is checked ingheation framework presented in this
section. The transfer streams of the elastic machine arsynishronous counterpart are checked
for latency equivalence. Two streams are said to be lateguivaent if the order of their valid
values is identical. The model of the framework is shown iguiré 6.4. The framework consists
of three modules apart from the synchronous and elastigulddocks. The environment block
provides same valid inputs to both synchronous and elastigds whenever it is not stopped. As
the environment is synchronous and non-elastic, an eltestaer module is inserted before the
elastic machine to non-deterministically inserts abse@nts to the input sequence provided to the
elastic design. When absent events are provided to the debignalid values are stored in the
fifos of the feeder. Once the fifos are full, the feeder sendsmsgnal to the environment to stop
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Figure 6.4: Transfer Trace Validation Framework

it from producing any more new values. The stop signals plexito the environment are also
provided to the synchronous block. The synchronous blodk produces valid values when it
receives valid values from the environment. The fifos in treder consist of two storage elements
with a W5 R, control policy [89].

The module at the receiver of the elastic machine and théhsgnous block is thé&'qcomparator
module which compares the output of the two sequence todedaequivalent. Th&gcomparator
module stores the values of the synchronous in a fifo if thewubor the elastic machine is de-
layed. As the fifo becomes full, the environment and the sgomobus blocks stops and no new
value is produced. The stop is disabled when a value fromfthesfremoved, which happens only
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when a valid data from the elastic machine is seen. The aggamipthat the synchronous design
produces the output in less number of cycles than the eldessign.

6.2.1 Combinational Logic as Uninterpreted functions

In the validation framework, we attempt to verify the desigaependent of the type of function-
ality placed in the combinational logic block. We use theigmtof uninterpreted functions as
proposed by Burch and Dill [65]. In their approach, the fumics are modeled as uninterpreted
function symbols, and the data is represented by terms hEarrhicroprocessor model, the verifi-
cation task involves checking the equivalence of the tweateterms. The same idea is also used
by Bezerin et. al [48], where the microprocessor is modelédanoompute concrete values. The
symbolic terms, which are made up of constants, and unirgtsg function symbols, are manipu-
lated by the microprocessor. For symbolic model checkirtirext encoding of all possible terms
and uninterpreted symbols is done, however it does not sgaleith the number of instructions.
This brute force method is not feasible to encode all posgdrims when the number of instruc-
tions increases. Therefore, they emplagference filavith a compact encoding scheme based on
only the terms that are possible in a single execution trace.

In our case, we employ the same procedure for modeling artexpneted function by encoding
all possible terms. We use a single uninterpreted functomfir case because the combinational
logic providing inputs to the elastic buffer can be modelsdaingle function. Furthermore, as
we are comparing the outputs of the same functions in botkythehronous as well as the elastic
modules, using the same uninterpreted function symbofiggnt. Consider two inputs,, y, for
synchronous module, and other two inputsy. for elastic module. For any deterministic function
f, we know that

f(-rsvys) = f(ajwye) < (:Es =T N Ys = ye)

In our case, as sender environment provides the same valbe#itthe modules, we always have
(xs = xo N ys = ye). Also, the elastic module provides valid output only whethldts inputs are
valid, therefore we should always gétzs,vs) = f(x.,v.). In our framework, we model check
this property to be always true for valid values of both megul

For uninterpreted function, we consider a two input unimteted function that takes two constants
on each of its inputs. With two constants on each input, ardusrinterpreted function, we get 8
possible terms for our model. We encode these 8 terms as shokable 6.2.

Intuitively, the same scheme can be applied for writing aintempreted function for any number of
constants (data). As mentioned previously, the numberrofdelepend on the number of constants
and uninterpreted functions. However, as our primary t&sk is to ensure consistent data transfer
through an elastic module, it is sufficient to model checkofiar previous mentioned uninterpreted
function because as long as the data provided to the two coemp® is identical, the output of
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[ X [Y ] fXY) |
x0 | yO || f(x0,y0) = z0
x0 |yl || f(xO,y1) =z1
x1 | yO || f(x1,y0) = z2
x1 |yl | f(x1,yl) =23

Table 6.2: Encoding for Uninterpreted function

the uninterpreted function will also be identical. Modeglichecking for more number of terms
becomes unnecessary.

6.2.2 Modeling in SPIN

Each component of the validation framework is modeled agparaée process. The environment
process executes only if it is not stopped. Enumerated typesed for data values: x0, x1, yO
and y1. The data is selected non-deterministically for esagpal where on one signal the possible
values are x0 and x1, and on the other signal, the possihlevalre yO and y1. The output values
are also of enumerated type where z0, z1, z2 and z3 denoy®)x(%0,y1), (x1,y0), and (x1,y1)
respectively. The same combinational logic block was usethke elastic machine.

The feeder is modeled with two fifos, withi&, R; control scheme, and a control for non- deter-
ministically choosing to place invalid events on the outphile storing the values. The imple-
mentation of the fifos is simple as the data is stored in threhlbased on how many valid values
are present in the fifo. The feeder is elastic and producesiatarministic valid values when only
it is not stopped by the elastic machine and has a valid valits fifo buffers.

Assertion is placed in th&q¢Comparator module that checks whenever a valid transfer is seen on
the elastic machine output. The assertion is the compaoktre two values.

6.2.3 Modeling in NuSMV

The NuSMV model is written similar to the PROMELA model. Thengponents for the elastic
buffer along with the join and fork structures are re-usednfithe earlier generated two input two
output model from the pre-processor. The feeder moduleistsnsf two instances of fifo blocks
with a control scheme dfi’, R;, and insertion of non-deterministic bubed he block diagram
of W5 R, structure is shown in Figure 6.5 .

The bubbles are inserted non-deterministically only whnenfifo is not stopped and a valid value
is present in the fifos. The finite state machine (fsm) and dfimidion of output signals are shown

2bubbles are invalid events denoted by valid signal being low



Syed M. Suhaib Chapter 6. Formal Verification of Elastic Atetiures 74

dataln
dataOut
—— Lat0 ——»
Lat1
En1 Sel EnO
validln —»| —validOut
stopOut = -- Controller r=---stopln

Figure 6.5: Block diagram of W2R1 fifo.

in Figure 6.6. There are three states in the fsm where SO negapty, S1 means half full, and S2
stands for both full. The feeder took a single clock cycle.

validin validin & stopln

Ivalidin & IstopIn Istopln

- Cowntroller Outputs

ENO = ((state = s0) g validin) |
((state = s1) & validin § Istopin) |
((state = s2) & Istopng;

Ent = (state = s1) g validin g stopin ;

Sel = (state = S2) g Istopln;

validout ;= ((state = S1) | (state = S2)) & bubble;
stepout = (state = S2);

stopln = stoplng | 1bubble;

init(bubble):=0;
wnext (bubble): = case
(Istopina § stotel=S0 § phase!=HL): {0,1};
(phasel=HL): 1;
(1) :bubble;
esac;

Figure 6.6: FSM and definitions of W2R1 control with ND bubblsertion.

The EqComparator module also consists of a fifo, however, this fifo is optimizédakes zero
clock cycles in the case when it is not stopped. The blockrdiagof the fifo with two latches and
two muxes is shown in Figure 8.7. These muxes select wherotadar data at the output.

The fsm of the fifo is shown in Figure 6.8. The fsm has four stag0, S1, S2 and S3, where SO
means that the fifo is empty, S1 means that data is in the sdatnid(Latl) and the first latch

(LatO) is empty, S2 means that the data is in the first latchO)Land the second latch (Latl) is
empty, and finally, S3 means that data is present in both tobbda. Based on the data in the
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Lat1

Eno Sel0
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validin — Controller —validOut
stopOut - -- re - --stopln

Figure 6.7: Block diagram of zero latency fifo.

latches, the stop signal is set for the next cycle.

validin & stopin

validln & stopin validin & !stopin

Istopin

-- Controller output signals

Eno:= (state=S1 § valldin);

End:= (state=S0 § stopin § validin) | (state=S2 § stopin);
validout:= (Istopin § (! (state=S0) | (state=s0 g validin)));
Selo:= (state=S2);

Sel1:= (Istopin § (state=51 | state=53));

init(stopout):=

0;
next(stopout):= ¢

ase

(((state=s1 g validin) | (state=s3)) § (phase=HL)) : 1;
(phasel =HL): stopout;

(@) :0;

esac;

Figure 6.8: FSM and definitions of zero latency fifo.

The assertion is placed in theyComparator module that checks if the valid data on signal from
the synchronous as well as elastic machine is same.
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Inputs x Outputs SPIN NuSMV
States | Time(s) | Verification Mode| States | Time(s) |
1x1 8504 0.2 Exhaustive 657 0.07
2x2 29232 0.36 Exhaustive 5193 0.22
3x3 673756 | 5.77 Exhaustive 41337 0.8
4x4 1.5E+07| 196.35 Compression | 329433| 2.53
5x5 2.9E+08| 3374 Bitstate :2 2.6E+06| 12.38
6Xx6 5.5E+08| 7794 Bitstate :2 2.1E+07| 1544
<7 6.3E+08| 11622 Bitstate :2 1.7E+08| 11005
8x8 6.5E+08| 23474 Bitstate :3 1.3E+09| 117967
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Table 6.3: SPIN vs NuSMV

6.3 Variable Latency Model

The model of a variable latency unit is also verified using3fN model checker for the previ-
ously mentioned properties of the elastic machine. Thewakliveness property failed to verify
for the variable latency block without the fairness coristsaon the input stop signal. The latency
block is modeled to select a latency value non-determaabiyi. This non-deterministic value is
decremented each cycle until it becomes 0, and then thewallig is placed on its output.

6.4 SPINvs SMV

Although, the SPIN and NuSMV models are written based on #faitions of the elastic con-
trollers, they both differ in the modeling approach. Forrapée, in SPIN, the execution of each
statement forms a new system state, whereas in NUSMV, a reens\state is seen after the exe-
cution of all possible statements in a single cycle. Thesefm SPIN each process was modeled
as an infinite loop with synchronization variables placethatend of the processes. A single loop
of a process represents an execution of a single cycle. Asut o this, the persistence property
is modeled as an assertion, where additional variablesyameluiced for denoting previous states.

A variable in SPIN can be assigned a value multiple times iimgles cycle, whereas in NUSMV,

the single assignment rule is enforced. Although, this nthédemodeling of the counters and
fifos simpler in SPIN as compared to NuSMV, the model was moi@ @rone with respect to a
hardware model.

The number of reachable states for verification were morePilNS&s compared to NuSMV due
to the fact that each statement execution was a new statée Gabshows the comparison of the
reachable states and their respective verification timés respect to the number of inputs and
outputs of the fork and join structures for SPIN and SMV. SRibldel checker ran out of memory
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after the verification of 4-input 4-output (4x4) elastic rhaxe. For rest of the configurations
bitstate verification mode was used with 2-bits used foree@nting a state from 5x5 to 7x7. For
8x8, 3-bits were used for bitstate verification which mealainger coverage for verification.



Chapter 7

Trace-based Framework for IP Composition

In this chapter, we present our trace based framework thag heanalyzing types of systems that
can be transformed to correct-by-construction globalgnakronous locally synchronous (GALS)
designs.

7.1 Motivation

GALS as discussed in Chapter 1 is one of the solutions propmsddal with the clock related

issues that are seen in synchronous designs. A GALS desgthhaadvantage of incorporat-
ing synchronous designs with asynchronous communicatibere locally clocked synchronous
islands communicate through point-to-point interconioexst that have their own local timings.
Furthermore, they allow us to isolate the clocks of difféere@mponents making the clock skew
problem irrelevant [93]. The future trend can be seen agdex®] systems with a GALS approach
in mind. It is important to ensure that the IPs in GALS desigresprovided with interfaces such
that asynchrony in the communication is tolerated. Howetmre is a lack of good theoretical
models and methodologies for designing GALS systems dubeddct that they involve both

synchrony as well as asynchrony together. Furthermoreyat@ation of GALS designs are even
more difficult.

Here, we advocate the use of existing synchronous toolsdsigd and validation, however, we
identify the types of systems that can be transformed tcectiry-construction GALS using a
generic protocol. A system can be classified into one of theviing clock frequency classes [74]:
(i) Exactly matched clock frequencies (EMCF), (ii) Ratiogaklated clock frequencies (RRCF),
(iif) Nearly matched clock frequencies (NMCF) and (iv) Araity clock frequencies (ACF). There
is also an orthogonal classification of systems presentgid By 168] as synchronous, plesiochro-
nous, mesosynchronous, multi-synchronous, etc; howemers chapter, we use the classification
of [74]. A system classified as EMCF has all its components ruthe same clock. The IPs are
designed to assume that informative values are presentewy signal at the arrival of the clock.

78
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A value isinformativeif it is of relevance to a system. In real hardware, every bl@ads and
writes informative values on their corresponding input antput signals at every cycle. If these
values are to be ignored or older values are to be reusediteas such as clock gating can be
used [37, 62]. Next, we have systems classified as RRCF, wheoetmgonents run on different
but related clocks. In such systems, the clocks of all thepmmants are related at the root of the
clock tree LetC' = {¢y, co, ... ¢} be the set of all the clocks for a system, an(;) be the
frequency of the clock. An edgeis defined ag = {(c;, ¢;) : w(¢;)|w(c;)}, where] is an acyclic
relation andc; # ¢;. If G = (C, E) is a directed graph, where E is the set of all edges, then we
call it aclock tree The frequency of the clock at the root of such a tree is olshothe multiple

of every clock’s frequency in the system.cfock treeof a system expresses the relationship of all
its clocks. The sub-clocks are created generally by usieguiency dividers/clock dividers. The
clocks have sampling points at which the new events occurréfée to these sampling points as
clock ticks Consider a producer and a consumer, where the clock fregudrtbe producer is
twice that of the consumer. Now, the producer can producevales in two clock ticks before
the consumer can read them in its one clock tick. Next, we bgstems with NMCF, also referred
to as plesiochronous, where the frequencies are close fberedit. For example, in the design of
network routers where each line card receives a bit stredmasd streams are generated from dif-
ferent clock sources which are closely related in terms @if finequencies [74, 145]. The systems
classified as ACF consist of clocks that are completely indéeet, and arbitrary. Such systems
may have its components driven by some external clock seurtlere are other classifications
of systems such as mesosynchronous and multi-synchromwbese systems have same clock fre-
guencies, however differ in the phases [115, 168]. In thiskwae focus on the composition
aspects for EMCF and RRCF systems, which are clocked by singlk atdhave rationally related
clocks.

In the EMCF designs, all the IPs have the same clock frequeimcgther words, on the arrival
of the clock signal, the IPs execute; they read valid data fifeeir inputs, and produce valid data
on their corresponding outputs. So at every clock, valig dafproduced and consumed. Now,
when these are transformed to GALS, the IPs have indepermtimits. However, we want to
ensure that this GALS behavior is latency equivalent toyiteceronous behavior. So one solution
is to associate each inter-component signal with additisigaals such that handshaking is done
between the components to exchange data. Hence, the delay communication between the
components would not change the behavior. The handshalkitvgebn the components would
ensure that each IP would execute only when on all its inporigain valid data, which was the
case for the originally intended synchronous design.

Now consider the RRCF designs where IPs have related, butatiffelock frequencies. The same
handshaking protocol will not work in this case as the clagqfiencies are different. Each IP
will have to sample data differently to ensure that the GAle®dvior is latency equivalent to its
synchronous counterpart. Hence, a special handshakimgcptavould be required to ensure that
the data exchanges are dependent on their related fre@gewiciheir synchronous counterpart.
So, for every different relation of clock frequencies, a remdshaking protocol will be required,

1| denotes divides.
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which can be expensive in terms of their designing and emgtineir correctness.

We provide designers with a framework that helps in idemtdythe designs can be transformed
to a correct GALS design which are mainly EMCF and RRCF. In ouetlzsed framework, the
behavior of a component is captured by its input and out@des. Also, the semantics of the
composition are given by the composition of the traces. Fnelsronous as well as asynchronous
traces can be seen in the same framework. We discuss thésefwilowing sections. We define
the property okingle activatiorfor a system, which means that for all IPs of the system, eihe
their the inputs and outputs have informative events atyesfeick tick or no informative events
occur on any of them. In our framework, if the property of tg-activation” holds for a design,
then it can be transformed to a behavioral equivalent GAM® behavioral-equivalent designs
produce the same functional outputs for same inputs. We blebavioral-equivalence, by showing
theoretically that systems with single activation arerlajeequivalent to their GALS design. By
latency equivaledt we mean that the sequence of events carrying valid datacoouiput signals

is identical [70]. Latency equivalence is an appropriateamofor behavioral equivalence, as we
are only interested in the sequence of informative valuethensystem. As long as the order
of valid informative outputs on the corresponding signdlshe two systems are identical, they
both are behaviorally equivalent. The single-activatiooperty helps in identifying designs that
can be transformed to GALS with barrier synchronizing iisparnd avoiding complex handshake
protocols. Now, ifsingle activationholds for a design, then it can be transformed to a GALS
design where its components can execute on independeikiscldhis GALS design is correct
with respect to its behaviors, and hence does not need torthedegain because we assume that
EMCF and RRCF designs considered have been verified to be correct.

For our “correct-by-construction” transformation, wealgghlight a barrier synchronization pro-
tocol for GALS. We use the example of an FIR filter to show hoacér based framework can be
used for validation and designing of a GALS system.

Please note that the main focus of this chapter is to showotineafl basis of analyzing designs and
their transformation to GALS. Hence, we do not compare wiisteng ad hoc GALS protocols.
Furthermore, the presented protocol illustrates the idekeploying such designs to GALS, and
evaluation in terms of overhead, area and power may varyifierent protocol styles.

7.1.1 Main Contributions of this Chapter

1. We provide a trace-based framework for identifying a<lafsIPs that can be composed to
“correct-by-construction” GALS designs.

2. We show the transformation of RRCF designs to behaviorallyjvatent synchronous de-
signs.

3. We present the idea of a protocol that would enable this &&ansformation.

2We formally define latency equivalence in the following s&ct
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7.2 Preliminary Definitions

Let V denote the universal set of all variables. Each variable V can be assigned a domain
specific value, on an occurrence of an event. Debe the set of all data values arifl,be a
partially ordered set (set of tags). We define three typeveaits: (1) informative clocked event
e, wheree € (D x T), (2) informative un-clocked evemt wheree € (D x N), and (3) absent
eventr, wherer € (D, x T),and,D;, = DU {1}, wherel is a special element meaning that
data is not present. The informative clocked events andlberd events are events that occur in a
synchronous domain. For example, consider a synchronales,atiat adds two numbers when it
is triggered. At every trigger, two informative clocked ateare provided at the two inputs of the
adder, and also an informative clocked event is producdteaiutput of the adder that contains the
sum of the inputs. An absent event is seen when an informeltbeked event is missed due to a
delay on the interconnect at the trigger of the adder. Su@dvent does not have any relevant data
value associated to it. In a real world design, such evem$eanotified by adding an extra valid
signal associated with the data signal. Such valid signa@saso used with latency insensitive
protocols. On the other hand, the example of an informativdacked event would be a value
transferred by an asynchronous handshake between two cemiso

For each variable of the system, a series of data values signad which forms a trace. The
trace of a variable shows the order in which values are asdigma variable. This order of values
assigned depends on events caused due to an input or resatheffunctionality. A trace can be
finite or infinite.

Definition 15. An un-clocked tracer(v) = éi,és,... IS a sequence of informative un-clocked
events whose occurrence is associated with a variable

Unclocked trace is seen for a variable that updates based &wm of a handshaking scheme.

We now analyze a trace in a clocked domain, where events basad on a cloék In the clocked
domain, the sequence number of the events correspond talkiotkerval, which represents an
observation point of an event. If we consider an observer @@mlook at all the individual clocks
and their ticks, and align them using a global time scale; #ech individual clocks can be ana-
lyzed w.r.t that time scale. The clock of the variable is irde by its trace. The clock of a variable
v is denoted by. In each clock interval of a variable, an event may occur. Cdie the set of
all the clocks that can be associated to variables. For amgblav, its clocko contains the set of
time instants at which its events occur.

We define a clocked trace as follows:

Definition 16. A clocked trace(o) is a sequence of either informative or absent events whose
occurrence is associated with a variahleConsidero(v) = e; T es 7... Where events are either
informative or absent.

3Given atimeline, a clock is the division of timeline into aising boundaries
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Example 1. Theclocked tracesf variablesv; andv, are represented as:

Here,v; = {tlv to, 13,14, 15, g, t7} is a faster clock tharm, = {tl, t3, ts, t7}

For a tracer of variablewv, o(v)[i] denotes the value of th&" event of the trace of. For the
above exampleg(vq)[5] = wval(eys), wherewval is a function that returns the value of the event.
An empty traces a trace of a variable which is not associated with any métdive event, and

is represented by. An append operatgi@) is used to illustrate a trace creation. For example:
e1 e2 @Q ez = e1 ey e3. The same applies to unclocked traces as well.

7.3 Analyzing Synchronous Designs

A processis a collection of traces, and can be classifiedsaschronousor asynchronous A
synchronous procedsas all its events indexed by a single clock. New events argated for all
its variables at every clock. A synchronous process candmded by asynchronousbservation
defined as follows.

Definition 17. Synchronous ObservatioAn observation of a synchronous proceBsjs defined
as a 3-tuplgV, X, ¢), whereV is the variable set of, > contains traces of all variables i and
¢ is the clock associated all the variablesini.eVv € V, v = ¢.

Example 2. Consider an observation of a synchronous increment pro¢éss, ¢), whereV =
{v1,v2} and¥ = {o(v1),0(v2)}. The increment process is defined as follows= = andv, =
f(z) = z+1. If the trace associated with(v,) = e1; 72 €13 74 €15 With eventsy; = (5,t1), e;3 =
(7, t3), €15 = (8, t5) thenO'(’Ug) = €91 Ty €23 T4 €25 with €91 = (6,t1), €93 = (8, tg), €o5 = (9,t5)

Next, we look atasynchronousbservations. An asynchronous observation can either lze of
synchronous process or an asynchronous component suchrasesthat models memories,
buffers, or asynchronous FIFOs with handshakesagymchronous process not associated with
any clock. Such a process reacts whenever an input is recdivéhe asynchronous observation,
the information of clock is absent, and only informative rgeare recorded in the trace in their
order of occurrences. Therefore, in an asynchronous cdtseny unclocked traces are considered
for each variable.

Definition 18. Asynchronous Observatiosn asynchronous observation for a process written as
(P) is a two-tuple(V, X), whereV is the set of all variables aoP and, X contains allunclocked
traceg(7) of variables inV.
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We define two forms of composition: asynchronous compasitiod synchronous composition.
We first look at asynchronous composition of asynchronoseations.

Definition 19. The asynchronous compositions of asynchronous obsengatj®) for processes,
P, and P, is defined as follows:

V=Vul,

P=D, |°P, = <V,E>>wh€7“€{ ST, AT,

where,A* denotes the conjunction of unclocked traces of a variablmeé as follows:
Yo e (VinVy) :a(v) =a71(v) = a2(v)
Yo e (Vi \V2) :o(v) =71(v)
Vo e (V2 \ V1) :a(v) = 72(v)
The asynchronous compositiofff'} operator is associative and commutative. For transfagrain

synchronous observation to an asynchronous observat®definedeclockingas follows:

Definition 20. Declocking: (V, X, ¢) — (V,¥). Itinvolves using thesyntrace function, where
Vv € V,asyntrace : ¥ — %, which transforms(v) € ¥ to7(v) € . The clock associated with
the variables is removed during this transformation. Thgntrace function is defined as follows:
asyntrace(o(v)) = un(o(v), 1), where

~ [ un(o(v),i+1), if (o(v)[i] = 7)
un(o(v),i) = { o()[i|Qun(o(v),i + 1), otherwise

Declocking removes all the absent events from the cloclazks of a synchronous observation.
As aresult, we get an unclocked trace for each clocked tidext, we defingeclocking such that
given a clock, it transforms an asynchronous observatiarsi;mchronous observatioReclocking

is defined as follows:

Definition 21. Reclocking:(V, %) x C — (V, X, ¢) Foranyc € C, Vv € V, we definesyntrace :
3 x ¢ — ¥ where

syntrace(a,c) = f(7,c,1) and

_ [ oQaf(e,ci+1), if (t; €¢)
f(@,e) = { TQf(7,c,i+ 1), otherwise
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The functionsynctrace is applied to all unclock traces to transform them to clockades. The
function places events of an unclock trace with respect toekgrovided, to form a clock trace.
An absent event is placed when no event is present for a abekval.

Until now, we have defined declocking to transform a synchusnobservation to an asynchro-
nous observation, and reclocking to transform an asyncu®observation back to a synchronous
observation when a clock is provided. Now, we define synabusrcomposition of synchronous
observation, where each observation may have a differeck cFor a synchronous composition of
two processes, one clock is selected for the resultant psamed enforced for both the processes.
Hence, declocking and reclocking has to be performed asrshelow with the selected clock to
synchronize them and obtain a synchronous observation.

Definition 22. Synchronous Composition of Synchronous Observatipnste synchronous com-
position of synchronous observations for procesggsnd P; is defined as follows:

V=Wul,
P=P || P,=(V,3,¢),where{ X =% A%,
6261’62

and A¢ denotes the conjunction of clocked traces of each variaBiace, all variables in a syn-
chronous process have the same clock, we need to transfortraties of all variables from one
process to another depending on whose clock is chosen. Cangjdg’s clock is choseni= ¢;).
Then,

YoeVy:a(v) =a1(v)

A

Yo € (V) : a(v) = syntrace(asyntrace(aa(v)), é1)

The synchronous composition operatf)y i commutative and associative. The communication
between two observations happens on shared variables. \Mogv) these traces are composed
together, the clock for the traces of the shared variablenenad the observations will be updated
along with rest of the variables. Consider the following epén

Example 3. We compose the.crement process (defined earlier) with anFEven process{V, ¥, ¢),
andV = {wvy,v3} and ¥ = {o(vq),0(v3)}. TheisEven process is defined as follows; = y
andvs = g(y) = if (y mod 2 = 0) then true else false. The composed process will have
three variables with), as the common variable. The tracewfis o(vs) = ea1 T 73 €24 75 76 €27
with €91, €24, €27 being (6,t1), (8,t4), (9,t7) and U3 is 0'(?}3) = €31 T2 T3 €34 T5 Tg €37 with its
eventses, egq, €37 @S (true, ty), (true, ty), (false,t7). Now, assuming the clock of thecrement
process is chosen to be the clock of the composed process,cleelkdand reclock the traces
of isEven process givingr(vy) = eg1 Ty €937y €95 WIth ea1, €93, €95 @s (6,t1), (8, t3), (9, t5) and
o(v3) = e31 Ty, €33 T4 €35 With its eventss,, ess, eg5 as (true, tq), (true, t3), (false, t5). The clock
of the composed process is same as the cloékwtment process.
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We have presented our trace based framework, where botblasymous as well as synchronous
aspects of an SoC can be modeled. In the next section, we dafioes notions and characteriza-
tions needed for correct validation of SoCs with GALS, whée &re composed asynchronously.

7.4 Latency Equivalence for GALS

In this section, we show that IPs composed asynchronouslyfusactionally equivalent to IPs
composed synchronously given our characterization. Otnectmess criterion is based on the
notion of latency equivalence, which is defined as follows:

Definition 23. Latency Equivalent=£,): Two tracesg; and o, are said to bdatency equivalent
iff asyntrace(oy) = asyntrace(os).

This notion can be extended to processes. Two processeaidte e latency equivalent iff their
outputs are latency equivalent when both are provided \w#lsame inputs. In our framework, we
describe a process in terms of its observations.

Lemma 1. A synchronous observation of a synchronous process isdatequivalent to an asyn-
chronous observation of the same process.

Proof sketch: For a synchronous observation, the order of informativenesvéor each clocked
trace remain the same after theyntrace function is applied to it. This implies that two observa-
tions are latency equivalent. In other words, a synchromgervation and its declocking (i.e. its
asynchronous observation) are latency equivalent.

We now define the notion of correctly declocking a synchrenoocess. We say that a synchro-
nous process can be correctly declocked if the followingddam holds:

Consider two clocked processBs P, and their corresponding unclocked procesBgs, then
Cond|t|0n 1:P1 - P2 ~ Fl = FQ

Condition 1 states that given two clocked processes, if ttiages in the clocked domain are
equal then they can be uniquely declocked and their tracé®innclocked domain will be equal.
Also, given two processes in the unclocked domain, they eanamsformed to clocked processes
uniquely given a clock, and therefore will have the sameaisaBefore we check the condition for
declocking, we first define th&ngle activation property

Property 5. Single Activation For a clocked process/v € V, v; = v;.
The single activation property means all the variables iyr&lsronous process are updated simul-

taneously. For the associated clock, the absence of evecwssoat the same timestamps for all
variables.
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We now prove that if property 1 holds, then condition 1 is i\ consider two cases:

Case 1DeclockingP, = P, = P, = P,: If L.H.S (synchronous) is equal then R.H.S. (asyn-
chronous) is also equal. The proof of this condition is &iidue to thesingle activation property
The removal of clock from both processé%,and P, results in removal of absent events from the
clocked traces of’; and P,, makes them equal in the unclocked domain.

Case 2ReclockingP, = P, « P, = P,: Here, we consider the reverse that if two processes,
P, and P,, are equal in the unclocked domain, then their synchronoosegses are also equal.
We use our reclocking function to recreate the clocked tr&oe anyc € C, Vv € V, synctrace

is applied. Application okyntrace to P, and P, results in insertion of events for a variable at
the same timestamp when the clock is present. Hence, fordrotiesses created and P, the
number of events inserted and the timestamp of insertiorth@&esame. Therefordy, = P, if

P, = P,. Hence, condition 1 satisfies for synchronous processes.

Therefore, we can conclude that for any synchronous proasssorresponding asynchronous
observation can be correctly formed. Implication: Far & ¥ there exists a unique € >. We
conclude that given this transformation, an observati@ngfsynchronous process can be correctly
seen in an unclocked domain. By correctness here, we impiyrtedraces in the clocked and the
unclocked domain are latency equivalent.

We have shown that given two processes with single activgtroperty, the asynchronous obser-
vations and synchronous observations are latency equotvaléis implies that the asynchronous
composition of such processes will also be latency equivdtetheir synchronous composition.
This follows from the definition of synchronous and asyndos compositions. Therefore, a
simple barrier synchronization protocol is sufficient fbeir asynchronous composition. Hence,
we formulate the following theorem.

A system () is a composition of observations of processes, where timgposition is commutative
and associative. A synchronous system is a synchronousasitiop of synchronous processes,
whereas an asynchronous system is a asynchronous compasitasynchronous components.
Next, we look at declocking a synchronous system.

To correctly declock a synchronous system, it must haveribygepty of single activation. Consider
a synchronous systedn = P, | P, and its declockingd = P; ||* P,. The following conditions
must satisfy:

1. Declocking a synchronous systemFor an observation of a synchronous systepits corre-
sponding asynchronous observatidn,can be uniquely formed. To prove this, we will consider
P = (V1,%,¢) and Py, = (V5,55 ¢). (1) Vu; € V4, a uniques(v;) can be formed fronw (v;).
This follows from Lemma 1 and the definition of declocking) &milarly, Vv; € V5, a unique

o (v;) can be formed froma (v;). (3) Vv € Vi N V4, a(v) can be formed uniquely. To prove this, we
know that for a synchronous compositiofy,, v; € V' if o(v;) = " ando(v,;) = 7", thenv; = v;.
Now, we considew,,v, € Vi NV, andv, # v,. Thereforeg(v,) # o(v,). Since, the position
of absent events in the two traces is the same, removal ohaegents from the trace would yield
o(v,) # 7 (v,) as the events on both traces will be different. Therefoves V; N V4, 7(v) will be
unique. Henced can be uniquely declocked t.
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2. Reclocking a synchronous systemfor a systemd given a clocke, its ® can be uniquely
formed. The proof of this is similar to the previous one focldeking. Considering the three
cases: (1yv; € V4, a uniques(v;) can be formed given from @ (v;). Give the clocke, a unique
o(v;) can be formed using the functisyntrace. (2) Similarly,Vv; € V5, a uniques(v;) can be
formed fromo (v;) and clocke. (3) Vv € ViNV4, o(v) can be formed uniquely. For,, v, € ViNV;
andv, # v,, we geta(v,) # o(v,). The timestamps at which the absent events are inserted is
same for both traces. As the events for both traces are @iffewe get (v,) # o(v,) and hence

are unique. Therefore, the asynchronous system can bekedaniquely given a clock.

Theorem 2. If the single activation property holds for a system of IP&rt their asynchronous
composition for GALS will be behaviorally equivalent to trsginchronous composition.

The proof of this theorem follows from previous discussions

7.5 Analysis of RRCF designs

A RRCFsystem consists of components that are driven by relatet€l&s discussed earlier, the
clocks of all the processes of such systems are related avthef theclock tree The root of
the clock tree is considered the fastest clock or fine-gcagheck. All the other clocks are derived
from this root clock.

var, P1 var, vars P2 var, van > P 1 varzs >~ P 2 | var‘,
(a) IP Blocks (b) Composition of IP Blocks

Figure 7.1: IP Blocks and their composition

For example, consider two processes P1 and P2ypandandvar, are the input and output vari-
ables of P1, andar; andvar, are the input and output variables of P2 (shown in Figureaj)1(
The traces of the two processes are shown below:

For process P1:
[t bty t b5 e

€1 €2 €3 €4 €5 €4

i o f3 o fs Je

vary
Varsy

For process P2:

‘ tll t21 t31
vars | fi" fofd
vary | i1 g2 g3’
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Now, consider that the clock of process P1 is twice the cldgirocess P2. The composition of
these blocks are shown in Figure 7.1(b). The processes arpased avar, andvars, and we
assume that the traces of both these variables are agréasalper definition of synchronous com-
position). We denote the composed tracevby,;. The corresponding traces of the composition
are shown below.

‘ tl tQ t3 t4 t5 t6
vary €1 €9 €3 €4 €5 €g
vargs | fir fo fs fa fs  fs

b
vary | T G1 T g2 T g3

Now, if such a design were transformed to GALS, a specialgoaitfor this design would be
required to ensure that proceBsonly executes and produces valid results wiigry, and f; are
present. In our framework, we attempt to transform this tgstesn with single activation.

In our framework, to compose these processes together, stgéit theclock treeof the system.
For this example, as process P1 has a clock twice faster thath® clock of P1 is considered
to be the root clock of its clock tree. Now, composing the twocgsses together and providing
the output of process P1 to the input of process P2 would ntedrptocess P2 will only be able
to process every alternate event from P1. We then try to mapetraces of the processes to
the traces driven by the root clock of the system, which is tidse is the clock of process P1.
Therefore, the traces of process P2 will map to the traces fhe clock of P1.

In other words we have to transform the traces of the slowecqss to the fastest one which is
the root clock. For this, we define affine transformatioriunction that transforms traces based
on one clock to another clock. Before, we define the transfbomdunction, we introduce a new
type of event called dummy evendf the form (X,t), where X denotesdon’t carevalue, andt
denotes its time stamp. This dummy event is denoted ky.aA'dummy event is distinct from an
absent event in the form that its value is a don't care instéathsent.

Now, we defineaffine transformatiorof the traces of one clock to the traces of a new clock.
Affine clock calculus has been presented as an extensionméfaerification techniques provided
by SIGNAL language [203]. Our affine transformation noti@re based on [204]. The affine
transformation is dependent on three parametersy, d), wheren,d € N* andy € Z. Here,

n — 1 denotes the number of instants present between any twosawethie current trace. For our
case, as the current trace is rationally related to the dookcn is always considered to be 1. In
other words, passing of 1 instant in the current trace wiiale passing of time instants in the
new trace which is based on the root clock. TH&instant denotes the starting instant in the new
trace, and every'" instant starting from the'" instant denotes the position where the informative
events from the current trace are placed. For transformati@locks of the processes, we know
these three parameters. Affine transformation is funclipdafined as follows:

Definition 24. Affine transformation® x Z x N* — Y. For anyo € ¥, given its new relatiom,
and initial starting pointp, we definedF (o, ¢, d) = tr(o, ¢, d, 1,1, ¢), where
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oli]Qtr(o, o, di+ 1,7+ 1,k+d),j=¢Vj=k

tr(o, ¢, d,i,j,k) = { xQtr(o,p,d,i,j+ 1,k), otherwise

Affine transformation transforms a trace in one clock dontaia trace in a different clock domain
given the parameters:, ¢, d). Note that as: is always 1, we do not provide it as a parameter to
the function. The variablg j, andk are used for this transformation wherdenotes the index of
the trace with the original clockj,denotes the index of the trace with the root clock, amtnotes
the position at which the informative events are placed. iff@mative events are either placed
whenj = ¢ which means that it is the position of the initial informa&tigvent with the new clock,
or j = k denotes when the'" position is reached.

Now, considering the same example of the system with P1 andreRvariablesar;, vars, vars
andvar,, we have n=1p=2 and d=2. Application of affine transformation to the timoéprocess
P2 results in the following:

B
vars | Xi fz X3 f4 X5 Je
varg | X1 92 X3 94 X5 e

We now want to enable communication o, for P1 andvars for P2. This communication can
only be allowed if the two variables have identical tracese M#alized that the traces of the two
variables are not identical because at timestamgs andt¢s;, dummy events are seen on the trace
of vars, whereas informative events are seen on the traeeef However, we realize that the
instants at which the informative eventswafr, andvars; are present are identicah(t,, andig).
Since, all the informative events on the traces of two vdemhre identical, we want the compose
the two processes with these shared variables. To synalstyncompose the two processes on
these shared variables, we will need to update our defisitadfrconjunctionA¢ to include the
dummy events. We now have A€ y; = f; (Definition 22).

The composed trace of the system is as follows:

[t bty bty 5t
vary €1 €2 €3 €4 €5 €6

varass f1 fz f3 f4 f5 fﬁ
varg | X1 92 X3 94 X5 Ye

The trace at the output of the processi(,) is our desired trace. Now, this system satisfies our
notion of single-activation because at every instant tieesesalid event, which is either in the form
of informative event or a dummy event.

Given theaffine transformatioriunction and the parameters, the new trace based on theloo@t c
is uniquely formed. We also present the inverse ofdfime transformatiorio get the trace with
its original clock.
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Definition 25. Inverse of Affine transformationt x Z x N* — Y. For anyo € X, given its
relation d, and initial starting pointy, we definedF (o, ¢, d) = itr(o, ¢,d, 1,1, ¢), where

oli|Qitr(o,p,d,i+ 1,7+ 1L,k+d),j=¢eVj=k

itr(o, ¢, d,i,j,k) = { itr(o,p,d,i,7 + 1,k), otherwise

The AF ! function transforms a trace with the root clock to the tradé s original clock. Here,

1 denotes the instant in the original clogkdenotes the instant in the root clock andenotes the
position where the informative events are placed. Theeefae can uniquely transform a trace
with its original clock to a trace with its root clock and rese.

Now, we need to ensure that the insertion of dummy events tlahange the semantics of the
RRCF system. We know that in such a system, a process only readalties based on its clock.
When these processes are mapped to the root clock, the infeenezents are still seen on their
original clocks, only the timescale is changed to the rootk! The dummy events and the absent
events are seen only when the original clock of the procesdsent. Moreover, the dummy
events only replace the absent events which are as welladrioy the synchronous process. In
real hardware, an absent event for a synchronous processsrttest the value is irrelevant for
the process. Hence, these values are ignored for the syrmis®system; however, in a GALS
design, when we have a communication protocol, it would eetabsent events, but would see
valid events. Therefore, dummy events help ensure thavr@eread by the synchronous islands
are synchronized. This helps in the case when a process baguts, but is only expecting value
on one of the inputs. In our example, when we mag; andvar, to the root clock, the informative
events are only seen at every other timestamp because theatlprocess P2 is half as fast as the
root clock. Instead of inserting absent events we insertrdyravents such that when the design
is transformed to a GALS design, these dummy events are Sdenefore, the semantics of P2
does not change. Now, when we transform this to our GALS pmtdhe dummy events would
be synchronized, when they are read from the barrier syncted protocol. Therefore, even in
the case when any of the inputs of a synchronous island aagetglthe protocol would stall the
synchronous island until all the inputs are available. Tosld ensure the exact same behavior as
in when the design is mapped to the root clock. Thereforeb#rdger synchronized protocol for
GALS would still be correct-by-construction as the dummgreg would be seen by the barrier as
valid events, however, the process in GALS will only accefaimative inputs on its input signal
based on its clock. The clock of a synchronous island in th& &will only execute when valid
inputs are seen. Also, for specific cases, the barrier spncted GALS protocol can filter out the
dummy events, and only provide informative events to the&lyamous process.
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7.6 GALS Protocol

In this section, we present a protocol for communication ®ALS design. Once we realize that
a system has single activation, we then encapsulate eacbhgsrgsynchronous island) with our
encapsulation scheme with input and output interface pseEse

The protocol involves refinement of each component withir{put interface process with barrier
synchronization (1IP), (2) output interface process (OF¥ynchronous FIFOs are placed between
two components for communication. These FIFOs are equipgdinterfaces that ensure cor-
rect communication between components with independeoks! Detail information about these
FIFOs can be found in [79]. Figure 7.2 illustrates the blogdam of a component in this archi-
tecture.

The block diagram of the process along with the protocol ewshin Figure 7.2.

OIP signal

Input
Interface o v

Process Computation | .| Output >
with Interface ><IFIFO Process
Block Process [*] ™~

Barrier L
Sync. Lt

A 4

FIFO Process
§¢ -

FIFO Process

y

[ 4

P Data Signal | —— Valid Signal ‘ ————m Stall Signal

P
% Async to sync interface . Sync to async interface
A

Figure 7.2: Block Diagram of the Protocol

In the GALS design, each signal is associated with a valideastdll signal. The idea of valid-stall
signal is borrowed from the existing works on LIPs [69, 706202, 201, 89, 88]. A sender sends
valid data (validity of data denoted by valid signals) torgseiver on every clock, and whenever
the stall signal is not set. Once the stall is asserted, theéesaloes not send valid data.

Input interface process with barrier synchronization (IIP): The IIP is placed at the input of
the synchronous component. The main idea of this processhartier synchronize (align) all
the valid inputs for the computational block. The block catyexecute once all the inputs have
been realized. Each IIP contains buffers for each inputasigmstore input data values. There
are exactly two storage elements for each input. This isuscavhen the computation block is
stopped by the IIP, the incoming inputs need to be storedftandtall signals for the appropriate
source components have to be enabled. The need for theigtadl $s realized as soon as the
first storage element is filled. By the time the stall signalnalded, the source component could
have placed another valid value on the signal. Therefoessé¢icond storage is needed to store this
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value. For each input to the component, IIP has an input dgials an input valid signal and an
output stall signal. Furthermore, it has two signals to camitate with OIP: (1) OIP signal which
tells the OIP that a valid value has been processed by thewatign block, and (2) Interface full
signal from the OIP which tells the IIP that the OIP is readydad a value or not. The IIP works
in two phases: In the first phase it reads all inputs and stbeegata values in its buffer. In the
second phase it provides the data values to the componesd basts input valid signals which
are written to its output.

There are three possible scenarios that can occur:

1. All input valid signals are 1: This mean that valid values aeen on all inputs. During
the first phase, the IIP stores the data, and at the start cfeitend phase, the values are
provided to the computation block. Also, the IIP outputs anlite OIP signal. The output
stall signals to its source components are disabled (i.s.placed on them). The clock for
the computation block is enabled.

2. One of the input valid signals are 0: One of the input dogshage valid data. In the first
phase, the IIP reads all the valid values from its inputs, stoces them in their respective
storage elements. During the second phase, the IIP sendg®©IP signal. This causes
OIP to realize that the computation block has not producedlia data. For the inputs
where valid value was not realized, the IIP places 0 on th&iresponding stall signals.
All other output stall signals are enabled (set as 1). Novthéfollowing cycle, if the IIP
realizes the valid values on all the inputs where valid wasaen in the previous cycle, then
the procedure in scenario 1 follows. Otherwise, the stghais remain unchanged for the
inputs where valid values are not seen.

3. Interface full signal is 1 (enabled): This means that the i© not able to accept a valid data
from the computation block. In the first phase, the IIP wikdeand store the inputs. In
the second phase, the computation block is stalled, andRheutputs a 0 on OIP. The stall
signals are set based on scenario 2.

Output interface process (OIP): The OIP is placed at the output of the synchronous component,
and contains one buffer to store the result of the synchrehtmck. The inputs of OIP include valid
value from the computation block, OIP signal from the IIR] @nstall signal from its destination
FIFO. OIP reads and stores the value from the computaticckdnenever a 1 is received from
the IIP (second phase). The OIP places the valid value re¢érom the computation block to its
output when the stall signal from the FIFO is disabled. Indase when the stall signal from the
FIFO is enabled, the data from the computation block is storéts buffer, and 1 is placed on the
interface full signal to the IIP.

FIFO process: The F'I FO process provides the communication between two syncheoco-

ponents. At each end of the FIFO, there are interfaces thatremicate with the synchronous
component. Note that this FIFO stands as an interface batsecomponents running on dif-
ferent clocks. So, this FIFO has an synchronous to asynohsomterface on its input end, and
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an asynchronous to synchronous interface on its outputBatiils about such interfaces can be
found in [79]. The FIFO enables a stall to its source compbméren the buffer becomes full.
Valid data is written on its output based on the clock of thstidation component when valid
value is present.

7.7 Case Study: FIR Filter

The FIR filter system consists of three different modulesm@li, FIR and Display (Figure 7.3).
We analyze the three IPs independently in our trace basewfvark. For all the three modules, we
show the abstract behavior represented by variables. TinelSthodule generates valid data. This
module initially takes four cycles for resetting, and datgeénerated every ten cycles. For Stimuli
module, we represent its behavior by three variabtagger, Sticycleand datastart This FIR
model is based on the SystemC model described and distlilatie SystemC distribution [13].

Stimuli > FIR > Display

Figure 7.3: FIR filter

The variabldrigger is a boolean (T or F) type, and is used to trigger the Stimulilub®. This acts
as the clock for the stimuli module. The variald#cycleis used to illustrate the reset cycles, and
finally the variabledatastartis the data output. When a trigger is received, $tieyclestarts, and
at the fourth cycle, the valid data, denotedualita is seen on the variablatastart The trace of
the variables of the Stimuli IP is shown below:

tl tg t3 14

o(trigger): T 1 T T
o(Sticycle): 1 2 3 4
o(datastart) : T T wvdata

It can be realized that the module does not have the singhatoh property, since the clocks
of variablestrigger, Sticycle and datastart are not the same. As this module does not have
single activation, we cannot declock this module in our feamork. We now assume that all the
modules possess single activation. Therefore, to makertbdule single activation, we consider
all variables of an IP have a valid value at time stamp whemawg variable has a valid value.
Therefore, for the variable-igger, we consider false (F) instead of to ensure that it has a valid
value which is false. Also for the variabllatastart, we consider O to be an invalid value, but the
value is not absent. The invalid values are discarded ineamphtation. The new trace is shown
below:
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~

1 ta 13 ty

o(trigger): T F F F
o(Sticycle): 1 2 3 4
o(datastart): 0 0 0 wdata

Next, we consider the FIR module where the computation acoutien cycles. We consider three
variables for the FIR modulalatastart, FIRcycleandcompdata Thedatastartvariable either has
valid or invalid data (which is 0), or the data is absent. Fhecyclevariable represents the com-
putation cycles. We abstract out the computation of the Fhd,rapresent only its computational
cycle to make the example easy to understand. chimepdatavariable has a valid value when the
computation is complete, denoted &juta, otherwise it is O or absent. The validata can be
seen on variableompdata ten cycles aftepdata is seen on variabléatastart. The trace for the
FIR module is shown below:

t1 to I3 ta ts ... t14
o(datastart): 0 0 0 wdata 0 ... 0
o(FIRcycle): 1 2 3 4 5 ... 14
o(compdata): 0 0 0 0 0 ... cdata

Similarly, we can denote the traces of the variable of thpldismodule.

Now, we consider their compositions. For the Stimuli and Fi&dule, we realize that the common
variabledatastarthas the same trace. Therefore, the two modules are compodezbaxmuni-
cation happens on this shared variable. Since, both theselamhave the property of single
activation, their synchronous composition also has siagtatiort. Similarly, the Display mod-
ule is composed with Stimuli and FIR module. We get a desighede three modules interaction,
which also has the property of single activation. Given grigperty, from theorem 2, this system
can be correctly implemented as a GALS system. The tracdseofdriables and there compo-
sition aids in validating the design. Also, due to the avality of various verification tools for
synchronous designs, we can formally verify the synchrenausion of this SoC, and its correct
GALS implementation can be implemented without the needdoifying this GALS design.

“Follows from the definition of synchronous composition



Chapter 8

Refinement of GALS Architectures from
KPN

In Kahn process network (KPN), the processes (nodes) comeaterby unbounded unidirectional
FIFO channels (arcs), with the property of non-blockingesiand blocking reads on the channels.
KPN provides a semantic model of computation (MoC), whereramdation can be expressed as
a set of asynchronously communicating processes. Theteftine input/output behaviors of each
component are continuous, then it is an ideal MoC for spewifglobally asynchronous locally
synchronous (GALS) designs. However, the unbounded FIF@dasynchrony is not realizable
in practice, and hence requires refinement when implemamteal hardware. In this chapter, our
objective is to provide a correct-by-construction desiggthndology for creating GALS designs
starting from a design specified as a KPN. To ensure a cdogectnstruction GALS implemen-
tation, we need (i) to ensure that the refinement presereekahn principle, where each refined
process is continuous and monotonic, and (ii) to establedabioral equivalence between the
original Kahn specification and the refined GALS implemaatat

To achieve this objective, we present a formal refinemen¢da&smmework which takes us from
a KPN specification towards a GALS implementation. We foiynahow that the GALS im-
plementation preserves the Kahn property. Our formal nugtlogy of refinement from a KPN
specification into a GALS implementation is generic, andots alternate schemes of a GALS
implementation can be derived. We consider four differeAt. S architectures, and provide the
formal definitions for each of these. The architectures weser involve different communica-
tion protocols. In thénandshake-based architectutee communication between processes occur
based on well known four-phase handshake protocol, whéneae fifo-based architecturethe
communication protocol borrows ideas from latency ingaresprotocols with a fifo interface con-
necting the processes running on different clocks. ddmroller-based architectureonsists of a
centralized controller that governs the execution of tleegsses, similar to dynamic tagged-token
dataflow architecture [35]. Finally, we have tlbekup-based architectutbat avoids the signaling
based protocols, and the communication happens based diafasiccesses from a lookup storage

95
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which is located on-chip.

The transformation to a GALS model from a KPN model involv@sreplacing the unbounded
storage elements (infinite FIFOs) with bounded storage @isnand (ii) enforcing blocking read
and blocking write conditions on the process. The architestwe present, consist of processes
that are continuous and monotonic, and are also correcthgtruction. We show this by trans-
forming the processes into deterministic (1/0) automateesthey have been shown to be continu-
ous and monotonic [156]. We show behavioral equivalenckeeoKiPN and the refined architecture
by ensuring that the behaviors of both are latency equitvalen

8.0.1 Design Methodology for GALS

The design methodology we propose for GALS design can be suined as follows: Given
the description of a system, the first step is to identify tebdviors of the system as a collec-
tion of concurrent processes communicating asynchropevigh a Kahn Process Network (KPN)
MoC. To ensure the correctness of the KPN model, the speaiircadin validated via functional
simulation. Architectural exploration can then be perfedto identify the appropriate GALS ar-
chitecture based on the KPN model. Based on the result oftacttwal exploration, appropriate
refinements are applied to the KPN model. Figure 8.1 illassréhis design methodology.

Design Document

(description, properties,
constraints, etc) » KPN Model

Simulation-based
Validation

Refinement to GALS

./ - Our Focus 8
| Refinement |
i Components Architectural |
: Library Exploration I
I

| |
' |
! v v :
! !
| |
. i

Figure 8.1: Design Methodology for GALS
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8.0.2 Model of Computation for GALS

Most of the design languages used in the industry such agi8¢s{13], SpecC [113], support
synchronous specifications, and use discrete event asMbélr A GALS design can be modeled
in these design languages using discrete event as a MoC, aqutés not very natural. KPNs are
well known simplistic models used for expressing behavilorslving dataflow such as streaming
audio, video, and other 3D multimedia applications. Theabvedrs of the applications is modeled
as a collection of concurrent processes communicating\udatirst-in-first-out (FIFO) channels
with unbounded capacity. The processes in a KPN are sequ@ntigrams that consume data
(referred agoken$ from their input channels and produce data on their outhahnels. These
processes execute based on blocking read and non-blockitegsehemes.

A KPN model closely relates to a GALS description, where tteepsses can be seen as synchro-
nous components, and their interaction is asynchronousreTére various advantages of using
a KPN as a model of computation for GALS: (1) The processesKiP are continuous which
implies they are monotonic [138]. This means that a procassrcrementally produce outputs
when sufficient inputs are realized. This property appliedl vo the components of GALS de-
signs where each component produces outputs when suffdagmis seen on its inputs. (2) The
processes in KPN are determinate [138], and we want thisptyfo hold true for the components
in GALS. (3) The processes of a KPN are compositional whidllovies from them being determi-
nate. To gain deterministic behavior in process networkk feedbacks, KPNs are also equipped
with least fixed point semantics. This compositional propkelps in realizing larger behaviors by
composing smaller ones together. This is useful for desgg@ALS, where the components can
be reused and composed together to specify large behaiddrshere is no notion of global data
in a KPN which helps in safely implementing concurrency. Toeponents of the GALS design
execute concurrently. (5) KPN provides a formal semantidehto construct rigorous proofs for
the properties of the computation aspect of the network @fggses. The semantic model of KPN
allows reasoning about the correctness of the design abatyaaway the communication aspect.
In KPN, the communication is assumed to be correct due toghienaption of infinite FIFO’s with
no data loss. In realistic refinement such unbounded conwation is replaced by protocols and
architectural artifacts, and hence the refinement needs fwdven as a formal refinement of the
original KPN.

8.1 Preliminary Definitions

In this section, we discuss some of the definitions we usedrthiapter. LeD be the set of data
values, and’ be a set of tags, whefe = N. The set of all events is denoted Bywhere, an event
e € D x T is defined as a value-tag pair. However, in the systems wad®sms special event
calledabsent everdenoted byr may occut. Hence, an event with a informative value is called an

1An absent event may occur due to lack of data in the producgu®@to a consumer’s request to delay a transmis-
sion.
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informative event{ € D x T') otherwise it is an absent even))( There are many ways to indicate
validity of events, for example using extra ‘valid’ signaitiveach data signal.

Definition 26. Signal: A signals = e;e;e;... is defined as a sequence of events which are ordered
based on their tags, whefe< j < k andi, j, k € N.

For a signak, s[i] denotes it event. The set of all signals is denoted.$iyAn empty signal is
denoted by |.

Definition 27. A computation procesB is a function that maps a set of input signals to a set of
output signals®? : S™ — S™ withm,n € N.

We now define helper functions that we use in the chapter.

Definition 28. exp! is a textual replacement efcp,, exps, ..., exp,.

For example, signals, s,, ..., s,, can be denoted ag§'. Abusing the notation, we extend this to
the scope of the functions. A functiofunc used asfunc(s?) implies that alls; € s} from 1 to

n are arguments to the function. On the other hand, a functed asfunc(s)} implies that the
function is applied to each individua] as a single argument. Throughout the chapter, we use these
short hand notations.

Definition 29. Givens € S ande € E, we define the prepend operator wheree & s = ¢/, s.t.e
is the first event and is the rest of the signal.

Definition 30. Given a tuple ofn signals and another ai signals, creates a tuple ofn + n
signals.

<1y > @ <biy... by >=<ai,...,an,b1,... 0y >
Definition 31. Given two tuples of. events and: signals respectivelygp creates a tuple of

signals with an event prepended each signal.

<€l n >P <81, 8 >=<e1 DS, ., 6 DSy >

8.2 Formal Definition of Kahn Process Network (KPN)

A KPN consists of processes that communicate via pointsiatpunbounded FIFO channels. Each
process reads froml FIFOs on its inputs and writes &l FIFOs on its outputs. Consid@rto be

the set of all processes of the KPN, and each P follows the blocking read and non-blocking
write policies. A process executes when it is waiting onnsuits and the inputs arrive. A FIFO
can be defined as a list, where the data is added to the end ligtthad removed from the head
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of the list. The set of all FIFOs is defined Wy. Similar to the signals, we use the notatiornto
define an empty fifo.

We define the functionsrc anddst to identify the source and destination processes of a FIFO.
For a given FIFO, the functiosrc : F — P returns the process that writes into the FIFO, and
the functiondst : F — P returns the process that reads from it. For examplg,,if, € P and

f1 € Fis the FIFO channel connecting fropn to py, thensrc(fi) = p1 anddst(f1) = pa.

Table 8.1 defines some basic functions used in the chapteasélene that denotes a list ele-
ments, andl denotes a single element.

Function Description

Name

rdF(x) FunctionrdF returns the element at the head of thedist
len(z) Functionlen returns the length of the list

dequeue(x) Functiondequeue returns the list: without its head.
enqueue(x,d) | Functionenqueue returns the list: with d appended to its end.

Table 8.1: Basic Definitions

We now define the function to execute a process in KPN.

Definition 32. The functionezP : P — F" — F™ executes the procegse P, with data on
input FIFOs fi} € F, and outputs the result on each of its output FIF8§' € F. The following
definition is of the output data that is enqueued to each dpO.

exP(p) = { p(rdF((fi)})), if Vfi€ fif : len(fi) >0

(1, otherwise

Every time a procegsis executedy f € F : dst(f) = p, adequeue operation is performed. Since
a process requires data on all its inputs, after its execudibinput fifos are dequeued once. Also,
Vf e F :sre(f) = p, enqueue operation on all output FIFOs is performed with the data poed

by the process. In the case when source and destinationssexctor a FIFO execute concurrently,
thedequeue operation precedes thequcue operation. The following function defines the update
on FIFOs.

Definition 33. Consider the functionpF' : 7™ — F™, wherefi!" € F be the FIFOs that are
inputs, and returns the corresponding updated FIFOs. Werassthatd]" are the data values
produced when the source processes of the correspondings€cute. For eacli € f{* and
its correspondingl; € d*, the functionudt is called, and is defined as follows:

enqueue(dequeue(f;),d;), if src(f;) A dst(f;) execute
dequeue(f;), if dst(f;) executes only
enqueue( fi, d;), if src(f;) executes only

fi, otherwise

udt(f;) =
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Definition 34. The procesgpn : P — F" — F° defines the KPN network with processes,
n FIFOs, ando output FIFOs. These output FIFOs represent the signalsahanot input to any
processes in the network. Consigér € P be the processes of the systéfif, € F be the FIFOs
connecting these processes, gig € F be the FIFOs at the output of the KPN. The functign
is defined as follows:

m eon e on ) 09, if Vfie fi :len(fi) =0
kpn(p', fit, for) = { k:p;L(exP(p)’f‘,upF(fi?%upF(fo‘{)), otherwise

Note that in the KPN model, there are no rules governing tleewtion of the processes, and can
execute in any order.

In the following sections, we present refinement schemesffereht architectures. For each of
these architectures, we start with a KPN process, and camipweih the corresponding refinement
components. The KPN process has inputs and outputs codnegtie refinement components
instead of unbounded FIFOs.

8.3 A Running Example

We use a running example to illustrate the functionality ffledent architectures and compare
their pros and cons. We use the KPN diagram shown in Figurth8tZonsists of four processes:
A, B, C, D which connected by channels, ss, s3, ands, with unbounded FIFOs. The processes
A andB are source processes that produce tokens on chasinefsl s;. The procesg has an
initial token on channed,. A possible behavior of the network is as follows: Proceséesd5
execute producing tokens on their respective outputs. eBede cannot execute as there are no
tokens fronC, soC executes first then followed B9.

The components in GALS are associated with clocks, whichuakamown to the designer. The
clocks for these components are assumed to be independese Tlocks can either be generated
locally by using gates such as inverters in a locked loopidassior can be from an external source.

For our KPN example of Figure 8.2, we consider sample cladéstshown in Table 8.2. These
ticks can be seen by an observer that is observing the degigm®nously and analyzing the
clock realization for different components. A clock ticlpresents a time stamp based on when the
components are fired. The clock ticks ) signify when the clocks of the respective components
are triggered. For example, the componghnis observed to trigger at, ¢, t3, t4, andtg, and
components triggers atty, ts, t4, t5, andts. From the clock table, it can be said that component
A and B execute in parallel at;. Please note that the information presented in Table 8.2 is a
sample observation from an observer when the design execlitese clock relationships are not
known to the designers at design time. So, as far as the dgsgyooncerned, the components are
completely asynchronous with respect to each other.
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B
I

Figure 8.2: KPN model

ticks t1 | to | t3 | T4 | t5 | t6
A [V IV IV IV]-|V
B |V |-|Vv | IV IV |V
C e 2 B VAR B
D -\ VIV - VY

Table 8.2: Clock table corresponding to processes in Figire 8
8.4 Handshake based GALS Architecture

In the handshake-based GALS architecture, the synchrocmmponents communicate directly
via handshaking schemes. A receiver-transmitter unit (R$ddded to each component to ensure
proper request-acknowledge based handshake protocdh digawal (carrying valid data) is aug-
mented with two extra signals for control purposes: reqaastacknowledge. The components
follow the signaling protocol discussed in Chapter 3.

Consider a source component and a destination componenie e source component sends
data to the destination component. The data can be sent@vedovhen it is triggered by its
clock. Figure 8.3(a) shows a component with two input and dwiput signals. D1, D2, D3, and
D4 are the input/output data signals, and reql, ackl, re2, aeq3, ack3, reg4, and ack4 are its
corresponding request and acknowledgement signals.

In a network, a synchronous component executes when th@valy conditions hold: (i) All
its input request signals are requesting, (ii) all its inpcknowledge signals are waiting for new
request. Once, both these conditions hold, the componectigss based on its clock. Until these
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Figure 8.3: Handshake-based GALS Architecture

conditions are true, the synchronous component is disabled

Figure 8.3(b) can be refined from Figure 8.2 where the RTU dde@ to each process, and the
communication between nodes handled by: data signal, seqigmal (req) and acknowledge sig-
nal (ack). Given handshake based GALS in Figure 8.3(b) arabitresponding clocks in Table 8.2,

Clock A: s,.reg=1 Clock A: waiting Clock A: s,.reqg=0 | Clock A: waiting Clock B: s,.req=1 Clock A: s,.reg=1
Clock B: s,.reg=1 Clock C: s,.ack=1 Clock B: s,.req=0 | Clock B: waiting Clock D: s,.ack=0 Clock B: waiting
s;.reg=1 Clock D: s;.ack=1 | Clock C: s,.ack=0 s,.ack=0 Clock D: waiting
Clock D: s,.ack=1 s,req=1 s;.req=0 s,.req=0
s .ack=1

Figure 8.4: Simulation trace for handshake based architect

we analyze its simulation trace based on four-phase hakigghprotocol. Figure 8.4 illustrates
what signals are updated at different clock ticks. Now, dasethe clock table, components
and B trigger atty, i.e. A’s sy.req=1 andB’s sy.req=1. Inty, component’s s;.ack=1 andD’s
s1.ack=1, however, componem keeps waiting as no acknowledgement has been received from
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componen®. Note that the data is transmitted when the request sigsati® ‘1’, and the sender
knows that the receiver is ready to receive a new value whiemoadedge signal is set to ‘0.

8.4.1 Formal Definitions of Handshake-based Architectures

In this section, we present formal semantics of the encapeulthat facilitates a four-phase hand-
shake protocol.

Let the set of all data signals be denoteddyy request signals by, ., and acknowledge signals
by Suck, WhereS, U S, U S, = S. A data signall € S, is of the formd = d;dxds..., where

d; € E. Arequest signat € S,., is of the formr = ryryrs..., wherer; € {0,1} x N. Similarly,

an acknowledge signal € S,., is of the forma = ayasas..., whereq; € {0,1} x N. The request
and acknowledge signals are produced and consumed by thespes. Starting with process
p, each process is refined with a receiver-transmitter uait énsures communication with these
request-acknowledge signals.

A receiver consists of a two-state machine with stétéé&, wait}, while a transmitter consists of a
three state machine with statggle, req, wait}. The initial states for both receiver and transmitter
machines aredle for a process. The receiver sends a ready sigiyal= 1 (internal signal) to the
transmitter (of the same process) to indicate that the peoseready to consume data. Similarly,
the transmitter sends a ready sigha} = 1 to indicate that the process is ready to produce data.

The process encapsulation is defined as follows:

Definition 35. Consider the functionba : Sy x Sy, x Sy, — Sit x Sj2, x S, Lets denote
di} : n input data signalsyi} : n input request signals, ang}” : m input acknowledge signals.
Each encapsulated process containg P, and has receiver state;, transmitter state,; with
initial states asidle, and internal transmitter-receiver signalsdy = 0 andtdy = 1. All other
signals are initially set to 0. We ugec N to denote the current index of the signals. The output

data, request and acknowledge signals are denoteth@sro, aot?.

The definition of the procedda is as follows:
hba(dit, rit, aif*) = encap(p, dif, ri}, ail*, 0, idle, idle, 1,0)
where,encap(p, dif, i, ail’, ¢, vst, tst, rdy, tdy) =

doi* rof* O aof, ifVr € Speqg: 7 =0AVa € Sget, :a=0
dot* O rof* © aof  proc(p, dif, rit, aif", c + 1,1y, ty, rdy’ tdy’), otherwise

2Throughout the definitions, to show the current value and vedke, we use the prime () notation. For example,
if z is the current value, ther! represents the next value.
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wheredo(™, ro\™, ao", .., t.,, rdy’, andtdy’ are computed as shown below. For signdls;”, ro|",
andao" the next values are shown by the definitions, which can be apgéandhe respective sig-
nals.

do'™ is defined by:

p(di}), if(rg =idle Nty =idle N\NT € i} 21 = 1)

m !
For each d € doy",d = { d. otherwise

Note that the functionality of the process is defined by psepe

roy™ is defined by:

0, if(tsg =idle Ardy =1)
Foreachrerol', ¥ =< 1, if(Va € ail" :a=1Aty = req)
r, otherwise

ao’" is defined by:

1, if(Vrerit:r=1Ary=idle Ntdy =1)
For eacha € ao},a’ =< 0, if(Vr€rit :ri}:r=0Aryg=wait)
a, otherwise

., is defined by:

wait, if(Vreriy:r=1Aryg=1idle Ntdy =1)
=S ddle, if(Vr € i} i =0Ary = wait)
rst,  otherwise

t’, is defined by:

req, if(rdy=1ANtg =idle)

wait, if(Va € ai} :a=1Nty =req)
idle, if(VYa € ail : a =0 Aty = wait)
tot, otherwise
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rdy’ is defined by:

1, if(Vreri!:r=1Aryg=idleNtdy=1)
rdy =< 0, if(Vreri}:r=0Aryg=wait)
rdy, otherwise

tdy' is defined by:

0, if(tg =idle Nraxrdy = 1)
tdy =< 1, if(Va € ail : a =1 Aty = wait)
tdy, otherwise

Handshake-based Architecture - Correctness Preserving Refinemen

The functional definitions presented for the processesdrm#ndshake-based architecture are de-
terministic by construction. Instead of repeating the piad?], we refer to the deterministic
input/output (1/0) automata [155], where the compositibauxh deterministic (I/O) automata has
been shown to preserve the Kahn properties [156]. An |/Omaata is a formalism used to describe
and reason about networks of concurrently executing psese#\n 1/0 automata consists of input
actions, output actions and internal actions, with the ireguent that all input actions are always
enabled. This means that whenever inputs are realized,utoenata can appropriately react to
them.

Theorem 3. [156] If M is a deterministic I/O automata, then it is continuous andotonic.

We therefore transform our processes to equivalent |/Onaati@ [155].

ConsiderP" to be the set of all processes that are encapsulated usiciipiuhba in Section 8.4.1.
Recall that for a given procegsc P" with n input data signals, we addinput request signals and
n output acknowledge signals. Also, for output data signals, we add output request signals
andm input acknowledge signals.

En. 1s the set of events in the handshake-based architectuszewtput eventsK;,, C Ej,;,) are
events on input data, request and acknowledge signals,udpdt@vents¥,,; C F,,) are events
produced on output data, request and acknowledge signhéslo€al eventsi,. C FEjq.q) are
the events generated within the process by receiver anshtitter units.

Theorem 4. All processes in the handshake-based architecture are tanimoand continuous.
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Proof. (Proof by construction) The following procedure transsabeir encapsulations to 1/0 au-
tomata.

Step 1: All input events;,, are transformed to input actions.

Step 2: All output event#,,,,; are transformed to output actions.

Step 3: All local event#y,,. are transformed to internal actions.

Step 4: Defing) C Sy X Sreq X Sack X STy X ST,y x STy, x rdy x tdy, whereg, € @ is the
initial state withg, = (0,0, 0, idle, idle, 1,0). Notice that a state consist of various sub-states
where,data = 0,req = 0,ack = 0, rxy = idle, txy = idle, rdy = 0, andtdy = 1.

Step 5:Q consists of all the states the system such Thate transition relation, is defined as
T CQQXEyuxQ. Vee By, 3q¢,¢; €Q:q xexqg; €T. Thisis true because for each
sub-state, the values are computed based on the functionitide® given. The function defini-
tions described ensure that all inputs are acceptable bealdefinitions have the herwise
condition, which holds when all previous defined condititaik Hence the values for any state
can be computed as q(data = dout(..),req = txreq(..),...).

Hence, we can create deterministic I/O automata for ourgz®es, and by Theorem 3, we can
conclude that our processes are continuous and monotonic. n

Next, we show that our refinement is correct-by-constructito ensure this, we need to identify
the events of interest in this architecture. By the eventtefrast, we mean that a new data value is
realized on the data signal. An event of interest is ideultibenever the request signal changes
from 0 to 1. This means that a new request is made by the sotwcegs. Hence, we can assume
that for every signaé, we can create a new sigrnawhich is a sequence of events of interest.

Theorem 5. Considerp € P and its encapsulatiop’ € P", wheredi? are input signals op and
di{* are input signals of'. Vd,, € di} andd), € diy, if d =, dy,, thendoy, =, doj},, wheredo and
do’ are their corresponding output signals.

Proof sketch: We know that each procegse P has a blocking read policy, whereas the write
policy is non-blocking. However, eaght € P" has a blocking read and blocking write. The
receiver in each process imposes a blocking read. This nteah$or eachi, if the events are
of interest, then the data is passed to the computation blbie& same applies for procegsand
hence the output signals are latency equivalent. Now, wieewtiting blocks, the transmitter stalls
the receiver from producing any new values. This ensurashbalata produced is not overwritten
by new data.

Theorem 6. Handshake-based architecture is correct-by-construnctio

Proof sketch: We know that for a one process, if inputs are latency equinateits corresponding
kahn process, the corresponding outputs are also latentyagent (By theorem 5). Now, when
we compose this with another process, we know that its ouspatency equivalent to its corre-
sponding kahn process. Hence, by induction, we can shovd#tatis not lost between processes.
Therefore, the handshake-based architecture is coryectistruction.
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A request signal being highrdg = 1) implies that valid data is available on its correspondiatad
signal, and acknowledge signal being low:X = 0) implies that its corresponding destination
process is ready to accept data on its input. Now when botetbenditions are true for all input
and output signals for a process, then the communicatioarscd he blocking write ensure that
the process will only accept inputs when it is ready. This m3eihat the state machines of the
transmitter and receiver units of the process are in idie stad all its input signals have request
high. So when the processes are composed in a network, iragieed that data would not be lost
between the processes. Therefore, we can conclude thataaedure is correct-by-construction.
However, in the case of inputs and outputs, a fairness asgumpn the request/acknowledge
signals for inputs/outputs of the network is assumed.

Prosand Cons. For the handshake-based GALS architecture, we use thergadiposed signal-
ing protocol for communication between the componentss Tlas been used for static dataflow
architectures [35]. In both cases, at most one valid datzevedn be present on a communication
signals. This is one of the cons of the architecture sincectimponents would only execute if
new data can be stored on the outputs. This also restricifigdesm in the design. Multiple hand-
shakes are required for transferring data from one compdpnegmother which consumes more
power and limits the performance. Secondly, if thereraiater-component signals, thenx n
additional signals are required for request and acknovaeagnts. For the example shown, a total
of 12 (4+2*(4)) signals are required.

8.5 FIFO-based GALS Architecture

We discuss two variants for implementing a FIFO-based GAlchitecture. These are based on
(1) handshaking scheme, and (ii) principles of LIP.

In the handshaking scheme for FIFO-based GALS architectileecomponents are refined with
the protocol discussed in the previous section, where RTTgsadded to all components. An
asynchronous FIFO with a bounded size is placed betweerothpanents. The component now
handshakes with this bounded FIFO. We explain this with amgte shown in Figure 8.5 where
two componenté& andB communicate with an N-size FIFO in between.

DA DB

o o
Ll Ll

A regA N-size reqB B
ackA FIFO ackB

Figure 8.5: Asynchronous FIFO with handshake

The asynchronous FIFO placed in between two componéraadB) will require a RTUs on both
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its ends. Componerts RTU will communicate with RTU of the FIFO facing towardsThe RTU

of the FIFO facingB will communicate with the RTU oB. For the four-phase handshake protocol,
four handshakes will be required to communicate a singla ffam componen# to FIFO, and
the same from the FIFO to compondhtin other words, a total of 8 handshakes will be needed to
communicate a data from componénto componenB. In the case of two-phase handshake, the
total handshakes for exchanging one data will 4. Such antectire will be very expensive with
respect to the performance of the design.

We now propose a new GALS architecture based on the prisoghlelPs [68, 70]. Recall that the
communication is handled by valid-stall signals which a@eerated on the clocks of the compo-
nents. Valid and stall signals are added for each inter-corapt signal.

The protocol involves refinement of each component withir§pyt interface process with barrier
synchronization (IIP), (2) output interface process (OA¥ynchronous FIFOs are placed between
two components for communication. These FIFOs are equipfteédnterfaces that ensure correct
communication between components with independent clo@atail information about these
FIFOs can be found in [79]. Figure 8.6(a) illustrates theckldiagram of a component in this
architecture.

Input interface process with barrier synchronization (IIP): The IIP is placed at the input of
the synchronous component. The main idea of this processhartier synchronize (align) all
the valid inputs for the computational block. The block catya@xecute once all the inputs have
been realized. Each IIP contains buffers for each inputasigmstore input data values. There
are exactly two storage elements for each input. This isusscahen the computation block is
stopped by the IIP, the incoming inputs need to be storedftandtall signals for the appropriate
source components have to be enabled. The need for theigtal & realized as soon as the
first storage element is filled. By the time the stall signalnalded, the source component could
have placed another valid value on the signal. Therefoeesd¢icond storage is needed to store this
value. For each input to the component, IIP has an input dgials an input valid signal and an
output stall signal. Furthermore, it has two signals to camitate with OIP: (1) OIP signal which
tells the OIP that a valid value has been processed by thewatigm block, and (2) Interface full
signal from the OIP which tells the IIP that the OIP is readyead a value or not. The IIP works
in two phases: In the first phase it reads all inputs and stbeedata values in its buffer. In the
second phase it provides the data values to the componesd basts input valid signals which
are written to its output.

There are three possible scenarios that can occur:

1. All input valid signals are 1: This mean that valid values saeen on all inputs. During
the first phase, the IIP stores the data, and at the start cfettend phase, the values are
provided to the computation block. Also, the 1IP outputs anlite OIP signal. The output
stall signals to its source components are disabled (i.e.placed on them). The clock for
the computation block is enabled.

2. One of the input valid signals are 0: This mean one of thatidpes not have valid data.
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Figure 8.6: FIFO-based GALS Architecture

In the first phase, the IIP reads all the valid values fromnsits, and stores them in their
respective storage elements. During the second phaséRteerids 0 on its OIP signal. This
causes OIP to realize that the computation block has notgestla valid data. For the inputs
where valid value was not realized, the IIP places 0 on tl@itesponding stall signals. All
other output stall signals are enabled (set as 1). Now, irfdtewing cycle, if the IIP
realizes the valid values on all the inputs where valid wasaen in the previous cycle, then
the procedure in scenario 1 follows. Otherwise, the stghals remain unchanged for the
inputs where valid values are not seen.

3. Interface full signal is 1 (enabled): This means that tif i® not able to accept a valid data
from the computation block. In the first phase, the IIP witkdeand store the inputs. In
the second phase, the computation block is stalled, andRheutputs a 0 on OIP. The stall
signals are set based on scenario 2.

Output interface process (OIP): The OIP is placed at the output of the synchronous component,
and contains one buffer to store the result of the synchrehbtmeck. The inputs of OIP include valid
value from the computation block, OIP signal from the IR} anstall signal from its destination
FIFO. OIP reads and stores the value from the computatiackbidhvenever a 1 is received from
the IIP (second phase). The OIP places the valid value red¢érom the computation block to its
output when the stall signal from the FIFO is disabled. Indhse when the stall signal from the
FIFO is enabled, the data from the computation block is stordts buffer, and 1 is placed on the
interface full signal to the IIP.

FIFO process: The F'1 FO process provides the communication between two synchsoooon-
ponents. At each end of the FIFO, there are interfaces thatremicate with the synchronous
component. Note that this FIFO stands as an interface bat@xecomponents running on dif-
ferent clocks. So, this FIFO has an synchronous to asynohsoimterface on its input end, and
an asynchronous to synchronous interface on its outputBathils about such interfaces can be
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found in [79]. The FIFO enables a stall to its source compbméren the buffer becomes full.
Valid data is written on its output based on the clock of thetidation component when valid
value is present. Figure 8.6(b) illustrates a diagram off®O-based GALS architecture.

Now, consider the example of FIFO-based GALS in Figure §.&¢ the clocks of its corre-
sponding components in Table 8.2, we analyze its simuldtere which depends on the size of
the FIFOs on the communication channels. Table 8.3 showsizkeeon the channels along with
the number of valid values present on the channels. Notdhltbatomponents execute on its clock
when the data is present in the FIFOs of its input channelstarauitput channel FIFOs are not
full.

- [FIFOsizelty [ t1 | ta | t3 ] ta | &5 | Lo
51 2 Ol 12121 2
So 3 oO|1|0|1]1]|2]3*
S3 3 ojloj1]0|1]|0]|0
sy 2 1/1/0|1]/01]1

* denotes stall signal is enabl#d

Table 8.3: Count of valid values on channels.

The componentst and B trigger onty, i.e. A andB will produce a valid value and store it in its
output FIFO channels, andss. At t,, the clocks of componentd, C, andD arrive. Component

C executes as it has valid values on both its input sigaaknd s; which are realized at;, and
the token is removed from their respective FIFOs (recal ti@ input fromD to C has an initial
valid value as shown ity). ComponentD will not execute since no input is received fraimat

t;. The count of valid value os; is ‘0’. Component4 produces another value which is stored in
s1. Now, the maximum FIFO size of; is ‘2’, so at this point, the channel reaches its maximum
capacity. Therefore, a stall signal to componghts enabled to stop it from producing newer
values (denoted by a *). The stall signal is disabled wherHR®© ons; is ready to accept more
values. Note that the stall signals to the components afdeahdisabled by the FIFO.

8.5.1 Formal Definitions for FIFO-based Architecture

Let S; denote the set of all data signals, denote the set of all valid signals, afg denote the
set of all stall signals for a system such thatu S, U S;t C S. Each data signal is associated with
a valid and a stall signal. A valid signal= v;vvs..., wherev; € {0,1} x N C E. If v € S, and
its corresponding € S, thenv[i] = 1 iff d[i] contains a valid data. We also assume ttias the
set of all the clocks of the system.

The FIFO interface (between the processes) in this architecontains a synchronous to asyn-
chronous interface (write interface) on its input and akyacous to synchronous interface (read
interface) on its output. We denote the FIFO interfacefhy F; is placed between two processes
running on independent clocks. Hence, the interfaces of;amxecute based on the clock of the
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process they connect to. This means that the clock of theepsoariting to theF;, and that of
the write interface is the same, and also the clock of thege®ceading from th&; ; and the read
interface is same. As defined earlier, a FIFO is a list, howetvis bounded. The definition of the
FIFO is similar to the one defined in Section 8.2. Each FIFQoignged with a size that denotes
the maximum number of values that can be stored. Once th{d B#eomes full, its read interface
stalls its source component by its stall signal. Figure Bais the block diagram of thg; ;.

din » 9 Q » dout
28 238
el IR
i = c
Stout<____ B ~ T Stin
c1 4 I— c2

Figure 8.7: Block Diagram of Interface FIFO

Definition 36. iFF : S; xS, x Sy x C> xN — S; x S, x Sy. Considerdi € Sy, vi € S,,

and sti € S, are the input data, valid, and stall signals. Assuaiec2 € C are the clocks of
the processes writing/reading from ttf¢;. These are also connected to the corresponding read
and write interfaces of thé; ;. m € N defines the maximum size of the FIFO. [f¢tdenote the
FIFO storage. TheF;; outputsdo € Sy, vo € S, andsto € Sy. The new values afo’, vo', sto’

and f f’ are computed by the functiorsut, vout, stout, andupdt f f. Also, we assume that the
parameters in these functions are current values of theesponding signals. These values can
be appended to respective signals.

do’ = dout(cs, f f,do)
vo' = vout(cs, f f, sti,vo)
sto' = stout(cy, di,vi, f f,m, sto)

fI = updtf f(di,vi, ff,c1,c2)

where, the definitions afout, vout, stout andupdt f f are given below.

dout(clk, f f, do) = { Zf)lfj(ff% i{}gceakszi Alen(ff)l=0)

1, if(cdk=1Asti=0Alen(ff)! =0)
vout(clk, f f,sti,vo) =< 0, if(clk=1A (sti =1||len(ff)=0))

vo, otherwise
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0, if(clk =1Alen(addpr(di,vi, ff)) < sz)
stout(clk,di,vi, f f,sz,sto) =< 1, if(clk =1 Alen(addpr(di,vi, ff)) >= sz)
sto, otherwise

updt f f(di, vi, f f,clk1, clk2) = { iﬁfﬁ’}f;}’ﬁ’gfw(”’ ) f){}(zcei’kul)w:el)
addpr(di, vi, f f) ={ ?}?ueue(di’m’ Z{;&Z;;;g

| dequeue(ff), if(clk=1)
rme(f f, clk) = { ff. otherwise

Next, we consider the definition of the process encapsulaiibe process encapsulation involves
addition of an input interface (IIF) and an output interfdC8F). The inputs of the IIF are the
data and valid signals from the FIFOs at the input, and amnatetop signali f st) from the OIF,
whereas, the OIF takes a valid signald(ut) from the IIF, data signals from the computation block,
and stall signals from the FIFOs at the output. Note thédt is the interface full signal andout

is the OIP signal discussed in Figure 8.6(a). The IIF cossisa 2-buffer fifo for each input signal
because by the time the stall signal is generated by thet$iSpurce FIFO may have dispatched
another data. On the other hand, the OIF consist of a 1-biififeto store data in the case of stall
from the destination FIFO. Figure 8.8 illustrates the bld@gram of the process encapsulation.

P’
@
[0] o .| Q - data,
s > w2 8 - -8
H H " - | _ | F—— - stall
i ‘P i Refinement> stally_ < = P 8~ % all,,
' ' (] QO — c L :
data,—— —— data,, , ' b= L > > = 6 4
B - . - "5 ~ .
data, > 5 _8. - data,,
valid " — — 1 — gl Q- T Ty T 7 5 ——F—®vald_,
Sta"i::__: -t--1 £ . —.—. IXOUt_ _____ @) ol aietd —staII::Ij
iifst
clock

Figure 8.8: Block Diagram of the Process Encapsulation

The process in the FIFO-based architecture is defined asviill
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Definition 37. fba : S} x S} x ST — S7* x S;* x SI,. Considerdi}, vi}, and sti]* denote
the input data, valid and stall signals, amald}*, vo*, and sto} denote the output data, valid and
stall signals. Lep € P denote the computation function being encapsulated. Tbapsuolation
consists of IIF and OIF. The inputs to the IIF a#], v} andifst, wheredi! andvi} are the
data and valid inputs, and f st is the internal stop signal from OIF. The IIF consists of Zbu
FIFOs denoted agi} for n input signals. The outputs of the IIF ad#!, ivout, andsto}, denoting
the data signals to computation block, valid signal to Olfgdastall signals. On the other hand,
the OIF takes inputg(dl}), ivout, andsti}", and outputslo]’, vo}*, andiifst. The OIF contains
1-buffer FIFOs, denoted afo?*, for m output signals.

The intermediate signals for the shelli,, ivout, fi, andiif st are defined by:

dly, = readF (addF2(diy, vig, fiy), iifst, dly)

ivout’ = { L, if Vk: vldF(addF2(diy, viy, fix),iifst) =1

0, otherwise

fig, otherwise

il = { rmoF (addF2(dig, vig, fix), i fst), if ivout =1
| =

o 1, if 3k : stF2(addF1(p(dl}), ivout, foy), sti) = 1
nfst = .
0, otherwise

fol, = rmuvF(addF1(p(dl}),ivout, foy), stiy)
The output signals of the encapsulation are defined as:

doj, = readF (addF'1(p(dl}), wvout, foy), stix, doy)
vo}, = vldF (addF1(p(dl}),ivout, foy), stix)
sto, = stF'1(addF2(diy, vig, fix))

The helper functions used in the above definitions are definddllows:

readF(f f, sti,do) = { ZCOZF(ff)a i{}(bleer%i;];) > 0 A sti =0)
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8.5.2

enqueue(di,vi), if(len(ff) <2Avi=1)

addF2(di,vi, ff) = { fr otherwise

enqueue(di,vi), if(vi=1)

ClddFl(dZ, Ui? ff) - { ffa otherwise

1, if(len(ff) > 0A sti =0)

0, otherwise

vldF(f f,sti) = {

g e gD

StFl(ff):{ L Zf(l€n<ff):2)

0, otherwise

StF(ff, sti) = { (1) if(len(f1) >0 Asti =1)

FIFO-based Architecture: Correctness Preserving Refinement

114

In this section, we present the correctness proofs for tR®Hased architecture. However, for all
other architectures, similar techniques can be used to HEwcorrectness.

We need to show that the refined architecture maintains then ainciple. To prove this, we
show (i) each process in the architecture is continuous ambionic, and (ii) the behaviors of the
processes in the GALS architecture is correct with respeits tKk PN counterpart. Our notion of
correctness is latency equivalence.

We first present some basic definitions that we use to showdoess.

Definition 38. Sequential Composition |): Given two processes : S* — S” andp, : S¥ —
Sv,ands; ...s, € S, whereu,v,w € N, we define the sequential composition as follows:

P1(S1,-- ., 8) | P2 = pa(pr(s1, ..., Su))-
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The sequential composition with respect to our componesiisition can be extended such that
the data signals, valid signals and stall signals are caedeppropriately.

The functionstrip given a signal with events, returns a new signal without absent events.

Definition 39. Latency Equivalence: The two signals;; and s, are said to be latency equivalent,
S1 =e So & strip(s;,n) = strip(sq,n), wherestrip : S — S be defined asstrip(s,n) =
o(s,1,n) and,

slij@o(s,i+1,n), if (s[li] #7Ni#n)

o(s,in) = 4 &It Ln) if (sli] =7 Ai#n)
) sl if (sli] # 7 A =n)
[1, otherwise

The functiono takes the signad, the start index, and signal size: with respect to the number
of events in the signal. The function outputs only valid égeand the absent events are removed.
These definitions can be extended to processes also. Foratesacy equivalent processes, if
their corresponding input signals are latency equivaket) their output signals are also latency
equivalent.

This definitions can be extended to processes also. For tencdhaequivalent processes, if their
corresponding input signals are latency equivalent, theim butput signals are also latency equiv-
alent.

We first show each process in our FIFO-based architectumnigntious and monotonic. We again
use the proof for I/O automata as discussed in Section 8\Welshow that the processes of our
architecture can be correctly transformed into detertini&) automata.

ConsiderP’ to be the set of all processes that are encapsulated usingidefB7 in Section 8.5.1.
Recall that each procegsc P/, n input data signals are associated witmput valid signals and

n output stall signals. Alsay output data signals are associated witloutput valid signals and
m input stall signals. To map a signal to a sequence of actwasonsider the sequence of events
on the signal.

Let £y, is the set of events in the fifo-based architecture. The iapemts are denoted by, ),
output events are denoted b¥,(;) and local events are denoted by, {.). Here, the input events
are events seen on the input data, valid and stall signadsthe&noutput events are events seen on
the output data, valid and stall signals. The local ever@®aents with in the process, between the
IIF and OIF. Also, the definitions provided for encapsulasi@re deterministic by construction.

Theorem 7. All processes in the fifo-based architecture are contintamgmonotonic.

Proof sketch: The following procedure transforms our encapsulationg@aalutomata.
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Step 1: Alle € E;, are transformed to input actions.
Step 2: Alle € E,,; are transformed to output actions.
Step 3: Alle € E),. are transformed to internal actions.
Step 4: Defing) C Sy x S, X Sg x F x F x dl x ivout x if fst.
Step 5: Defing, € @ as the initial state where, = (0,0,0,],[],0,0,0).
Step 6: Q consists of all the states the system such hatransition relation, is defined as
T CQxEypxQ.Vee€Ey,,3q¢,q;€Q:qxexgq; €T. Henceg x e — g;. Forg; =
(d,v,st, fi, fo,dl,ivout,if fst)ande = (di, vi, sti), ¢; = (d', v, st’, fi’, fo',dl',ivout',if fst')
is computed as
d' = readF (addF1(p(dl), ivout, fo), sti,d)
v' = vldF (addF1(p(dl), ivout, fo), sti)
st' = stF1(addF2(di,vi, fi))

fil = rmuF (addF2(di,vi, fi),iifst), if ivout =1
v 11, otherwise

fo' = rmuF(addF1(p(dl),ivout, fo), sti)
dl' = readF (addF2(di, vi, fi),iifst,dl)

wout’ = { L, if (vldF(addF2(di,vi, fi),iifst)) =1

0, otherwise

Fst! = 1, if (stF2(addF1(p(dl),ivout, fo),sti)) =1
Wirst = 0, otherwise

Since our definitions are deterministic, we can create detestic I/O automata for our processes.
Also, the definitions of the FIFO components can be extraicted the 1/0 automata. By equiva-
lence of these components to I/O automata and theorem 3,m@oc&lude that our processes are
continuous and monotonic. A similar proof for the interf&tEOs can be realized.

Similar to 1/0 automata, the refined components also havestteptive property that demands that
each input action has a specified transition. When an inpittractcurs, the refined components
does not need to wait on other inputs to arrive. Based on theitlefis, data is either stored in
buffers or a stall signal is enabled.

Next, we show that these refinements are correct-by-cartsiru

Theorem 8. Considerp € P and its corresponding € P/, wheredi} and di; are their cor-
responding input signals, an¢by and do! are their corresponding output signals. If for each k,
diy, =. diy, thendoy, =, doy,.

Proof sketch: We know that the data output of IIF jnis latency equivalent tdi; (By definition,

IIF enforces blocking read and hence, barrier synchrontgasputs). Since has blocking read,
the output of the computation blogkand that ofy’ are the same. Next, we consider blocking write
in our architecture. There are two scenarios that can oq@ufhe destination components are
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ready to accept new data: In this scenario, the OIF will peedis? = do;, and henceo, =, doy.
(i) The destination components are not ready to accept raga: dn this case OIF will stall 1IF,
and hence no new data will be produced. As a result, the ddtaetibe lost. Assuming fair
environment, the destination components will eventuadlgdime ready and OIF will be able to
provide data, and enable the IIF, thus producing new’détancedo} =, do’".

Theorem 9. For py,p, € P andyp!,, py € P, if p1 = p A ps = ph = p1 | p2 = 1, | 1}

Proof sketch: Sincep; =, p}, for any latency equivalent input data signals, their otigata
signals are also latency equivalent (By theorem 8). Now,etHatency equivalent signals are
inputs to corresponding, andp,. Hence, their outputs are also latency equivalent. By indogct
this can be proved for any number of process compositions.

Prosand Cons: The number of valid and stall signals added would increas®a the handshake
based GALS architecture because of the FIFOs placed ingagtthe components. However, the
components in this architecture may not necessarily stiep efery execution. A component will
only get stalled when no data is seen on any of its inputs, tr@fFIFO buffers at its output
channels become full. The stall signals form a back presswehanism that ensure that the
data is not lost during communication [67]. This type of detture is closely related to the static
dataflow architecture with the difference that more numlbéskens can be stored on the channels.
The FIFO-based architecture will have a better performavitterespect to the handshake-based
architecture, and increases parallelism.

8.6 Controller-based GALS Architecture

The controller-based GALS architecture is realized by mefireach process in a KPN network
into a synchronous component with a local control unit (LCTHe LCUs of the components

communicate asynchronously with a central control unit (C@Ugquest for a permission to exe-
cute. Figure 8.9(a) shows the block diagram of a componehtavi LCU unit, and Figure 8.9(b)

illustrates a controller-based architecture.

The execution of the computation block is controlled by &L The LCU sends a request message
to the CCU. The format of the request message is as follows:

RequestMsg § Componenid: String; ComponenStatus: boolean; Executidbtatus: boolean;
Input_Signallist: String list; OutputSignallist: String list;}

The Component _id contains a uniqgue name of the component. Thewponent_Status can be
true or false. A Component_Status = true means that the component is requesting for a

3Fair inputs to the components imply that their outputs ase &ir (Can be realized from their definitions).
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Figure 8.9: Controller-based GALS Architecture

grant status, whereasC&mponent_Status = false means that the component is requesting for
the update. Thé/zecution_Status contains information about the previous grant requests Thi
information is used by the CCU for updating its local structur@he Input_Signal_list and
Output_Signal_list contain the inputs and outputs of the component.

Algorithm 1 LCU execution steps on clock arrival
Step 1: Initialize the request message structure.
Step 2: Send request message to CCU Withnponent_Status = true
Step 3:If grant=rue
Enable computation block for execution.
Execution_Status = true
elseFxecution_Status = false
Step 4: Send request message to CCU Withnponent_Status = false.

The request signal passes the address oRtheest M sg structure to the CCU witlh'omponent
_Status = true. The CCU upon receiving the address of the request messageyestthe infor-
mation and responds by giving a grantase or false. An enabled grant request has grantz,
otherwise vice versa. When the LCU receives a grant=from CCU, it enables the computation
block for execution. After executioyxzecution_Status is set totrue andComponent_Status is
settofalse, and the request signal is sent back to the CCU. If grmftse is received from CCU,
Execution_Status as well all'omponent_Status are set tofalse, and the request signal is sent
back to the CCU. The algorithm 1 defines the steps of the LCU thatraan each clock of the
component. This is because the components in GALS only fita@arrival of their clocks.

Next, we discuss the functionality of the CCU. The CCU is an asyredus component that
receives the request messages from the LCUs of different aoemts, and based on the presence
of values on the signals, grant the requests accordinglg. JBU consists of a simple structure
that stores the presence and absence of values of difféggrals of the network. The storage

“We will discuss this later
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structure for CCU is as follows:
SignalStatus £ SignalName: String; ValueStatus: Boolean

The SignalStatus structure is stored as a list of structures. An alternatd@mpntation can
be organizing the same data as a hash table. Stheal_Name is associated with the signal
connecting two synchronous components, and'tiue_Status corresponds to a boolean value,
which if high means that the signal has a valid value, and l@ams that the signal does not have
a valid value. Algorithm 2 shows the steps taken by the CCU whiateives a request.

Algorithm 2 CCU execution steps on receiving request
If Component_Status = true
Fetch the appropriate status values from$henalStatus structure.
If SignalStatus values of all inputs are high, and all outputs are low
grant=rue
else grantfalse.
else ifComponent_Status = false
If Ezecution_Status = true (atomic step)
Set all inputs to low in Signabtatus table.
Set all outputs to high in Signatatus table.

If more than one request is received by the CCU, the grant statasnputed for all the requesting
components. The update to tRégnalStatus structure only occurs if the message received from
an LCU containsomponent_Status = false and Execution_Status = true. This update is
done in an atomic step. Furthermore, when many requestsee&ved by CCU, a case where two
requests require updating the same signal value will nexistse This is due to the fact that the
grant signals are always generated before the update is dodehe update occurs only on those
signals that are either inputs or outputs to the componetsving true grant signals. So, if there
are two components connecting each other, then they badtheviér be provided the grant request
at the same time.

Now, consider the example of Controller-based GALS in Figlig€b) and the clocks of its cor-
responding components in Table 8.2b, we analyze its simulatace of the signal status table.
Figure 8.10 shows the presence of values at each clock tlek signals between the components
and the controller handles the exchange of messages. Reaalé have initially assumed that
signals, has an initial value. The components that execute duringldek are shaded. For in-
stance, at clock tick,, clocks of component, C, andD arrive, however only’ executes since
s1 andsy have valid values (realized &f). Components4d and3 do not receive an enabled grant
signal from the CCU, as the valuesands, are high in the signal status tabletat Secondly, if

A andB were to be executed, then their previous values would hase beerridden.
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Figure 8.10: Simulation Trace of Signal Status Table in Cuoler

8.6.1 Formal Semantics of Controller-based Architecture

For this architecture, we use special signals that cartystaessages from the processes to the
CCU. We define such set of signals By,,, C S. A signals € S,,,, denotes a sequence of events
where the value part of the event contains a message cogsatithe request status, execution
status, input signals, and output signals. Hewace, ((rs, es, ils7, olst"), t) is an event, wheres

is the request statuss is the execution statug,s} is the list of the names of input signals and
olsT" is the list of names of. output signals of the processs andes are boolean values, whereas
ilsT andolst are list of strings. The set of signals from the CCU to the preegess denoted by
Sgnt, WhereS,,, € S. Asignals € S, carries the grant status in the form ®of.e or false,
where thetrue implies that the process can execute.

We define accessor functions for reads and writes from SST.

Definition 40. The functionrdSST : SST x S — {1,0}, takes a signak and returns its status
value from SST.

Definition 41. The functionwrSST : SST x S x {0,1} — SST, given a signak € S and its
new statusst, updates the status of the sigralith st in SST.

Given a set of signals, we define the functidrirdy that returns if all the inputs have valid values.

Definition 42. Consider the functionhirdy : S™ — Bool, whereils! aren input data strings.

: o | true, ifVd e ilst :rdSST(SST,d) =1
chirdy(ilsY) _{ false, otherwise

Similarly, to identify that signals in SST contain invalidlues, we definels}".

Definition 43. Consider the functionhordy : S™ — Bool, whereols]" are m output data stings.
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chordy(ols™) { true, if Vd € olsy* : rdSST(SST,d) =0

false, otherwise

The CCU evaluates the events from different processes a®ivescand returns appropriate grant
signals. The behavior of the CCU is given below.

Definition 44. The functiorccu : Bool x Bool x S™ x 8™ — S, takes in boolean values fos
andes, and names of input data signals’ and output data signalsls}*. The function returns
the grant status for the process or updates its SST, basdtkeoratues of s andes it receives. The
functionccu is defined as follows:

ccu(rs, es,ilsy, ols]") =
if (rs = true)
if ((for eachd € ils} : inprdy(SST, di) = true)
A for eachd € olsT" : outrdy(SST, do) = true)
returntrue
else returnfalse
else if(rs = false)
if (es = true)
foreachdi € ilst writeSST(SST,0, di)
foreachdo € ols* writeSST(SST, 1, do)
return false
else returnfalse

Next we define the encapsulation of the processes. We askatferteach procegse P, its en-
capsulatiorny’ € P¢ exists, wheréPe is the set of all processes in the controller-based architec
The encapsulatioR® : P — P¢ is defined by the functionba as follows:

Definition 45. The functioncba : S™ x Sg,r — S™ x Sang takes inn input data signalsi:?
and one grant signay € S,,,;. The outputs of the process aredata signalsdo”, and a status
message signaly, € S, to the CCU. We assume thate P is the computation function being
encapsulated. The functidau is defined as followszba(dY, syr) =
if ccu(true, false,ilsy, olsy") = true
for eachdo € do",do’ = f(di})
ccu( false, true,ilst, olsT")
else for eachio € dof*, do’ = do
ccu( false, false,ils}, olsT")

Prosand Cons. In the controller-based GALS architecture, there is no farelssure [67] mech-
anism which is seen in the FIFO-based GALS architecture et existing GALS designs [140].
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The synchronous components execute based on the granstegeeeived by the CCU. Also,
each component has a simple communication model betwed&rCiieand CCU for grant request.
However, the CCU can be a major bottleneck for the design. Bhiecause the request for all
the components of the network are handled by this one singte Gecondly, each component
has back and forth (reg/grant) signals to the CCU. The numbedaditional signals depend on
the number of components in the design. The throughput sfitthitecture will be similar to the
handshake-based architecture because at most only orre (iaki&l value) can exist on a single
arc (i.e. inter-component sigiiil Furthermore, some of the ideas such as the use of a ceattal
controller have been borrowed from the tagged-token dataftahitectures [35].

8.7 Lookup-based GALS Architecture

In this architecture, we use an on-chip lookup storage W) to store the data. This LUS is a
bounded storage structure, and enables communicatiorebetuifferent processes. Each process
reads and writes to this LUS structure. Blocking read andKohocwrite conditions are enforced
for each process by composing the process with a storageimgaypit (SMU). We discuss these
in detail in the following sections.

8.7.1 On-chip Lookup Storage (LUS)

The data communicated between the processes is storedlibl$ierhe LUS is split into different
segments, where each segment represents a communicatiogction between two processes in
the KPN model. The size of each segment depends on how maaekshents can be stored
before the consumer process starts processing the data: pant-to-point connections in the
KPN model, there are segments in LUS unit. Each segméritas a boundz; associated with

it. The segment sizez; for eachi connection denotes maximum number of elements that can
be stored between two processes. Eét represent the set of all segments of the storage, and
addr,, € N denote the address of segméntEach segment is associated with an indeXzy

and a static bounbhd,, whereidzxy, bnd, € N. The index points to the location of the data in the
segment, and bound represents the maximum number of datemte that can be stored in the
segment (or maximum value of the index).

Here, we do not focus on computing the optimal size for theagi, however, many existing
works [?] focus on the buffer optimization problem between the psses. For data sizkitasize,
the total size of the storage is computed as follows:

5A signal connecting two components
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Z sz; * datasize = (sz; + sza + -+ - + $2,,) * datasize
i=1

We now look at how the data is organized in the LUS unit. We mgsthat the most significant bit
(MSB) of the data accessed representgithaent bit. Thepresent bit if set to 1 implies that the
data is valid, otherwise it is invalid.

For example, consider data size to be 31 bits. So, 32 bit da®ied at each address location in
the LUS, and its most significant bit (MSB) representshesent bit. Figure 8.11 illustrates a
segment of the LUS where between a producer and consumersét rata values can be stored,
wherez represents some optimal size.

Address
2 hits

32 bits
l A
( )
0
Consumer 0
reading 1 110........1
Producer 0 001........0
writing '
T Data [30:0]
Present bit

Figure 8.11: A Possible Segment Structure

LUS behavior: The read and write access of the LUS is a major constraintamthltiprocess
model. LUS promotes asynchronous communication. A pradcaesumer model as shown in
Figure 8.12 is ideal to understand the LUS behavior. In an@spnous environment, if a producer
and consumer tries to access the same segment in a LUS, #esdas to be granted in a manner
which will protect the data integrity. The read and write gi®ns of the LUS with respect to the
producer-consumer model is discussed below. As LUS is @lividto different segments for each
point-to-point connection, each segment has a read cterteold a write controller.

Segment

Producer > »{ Consumer

Figure 8.12: Producer-Consumer model for LUS

LUS Read Controller: The read access for the LUS is granted in a manner as showmg4in Fi
ure 8.13. The read controller consists of four state8e, P Read, C Read, and PC Read. The
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Idle read state of LUS denotes that there are no pending readstsqgitdicad state denotes that
producer’s read request is being processed (aRdad state denotes that consumer’s read request
is being processedPC Read state denotes that both the producer as well as the consumer a
requesting read operation. A transition to these statestdehat a request has been received. The
read request from a producer and a consumer is denotéttdlleq andCon Req respectively. A
transition out of these states denote that the read opera#id been completed, and appropriate
data has been sent back to the respective process. Thigiopexampletion to the producer and
consumer of the segment is denoted/¢ndPro and /SendCon respectively. For read opera-
tion, simultaneous read requests from producer and constanée handled together by granting
both processes access to the data in the same segment.

Figure 8.13: LUS Read Controller Behavior

LUS Write Controller: The write access for LUS has to be dealt with greater caretti@read
operation. We need to ensure that no read can happen to tleesshiress in a segment during the
write operation. Hence, the write requests are atomic.rgigul4 represents the behavior of how
LUS handles the write requests. For write operation, LUS=ts of three stateddle, PrCon,
andWrCon. The transitiong’roReq andCon Req represents the write request from the producer

Figure 8.14: LUS Write Controller Behavior
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and consumer. A write request is accompanied by the addndstada, the the LUS writes the data
in the corresponding addres8rCon andWrCon represents that the write operation is being per-
formed for the producer and consumer respectively. One tfie i8 complete, acknowledgement
signals (Ack Pro and AckCon) are sent to the processes to denote completion of writeestgu

8.7.2 Process Refinement

The refinement involves composing each progessP of the KPN model with a storage mapping
unit (SMU) that governs the execution of the process. Thaegfent yield$®’ where each’ € P’
is a refinement of its correspondipg= P. The refinement step is shown in Figure 8.15.

p aq o

as b,

b1
—
b2
— H- . .
. p . ﬁ an by
a, b, Refinement ?
— —
| SMU |.

} A
I

Clock J v

Control Data
Signals Signals

Figure 8.15: Process Refinement

The SMU consists of the addresses of the input and outpufalata corresponding process. The
SMU contains local storage elements to store the data fatsigutputs of the process. This is
based on the number of input and output fields. We assumaliyitihat all storage is empty. The

SMU also has the capability to extract the MSBs of the dat#éeretd. This can be implemented as
a simple function. The SMU maps the addresses of each inpptioto the correct lookup storage
locations. Table 8.4 defines some of the basic operatiorecfogssing the data.

Table 8.4: Lookup Operations

Function Name Description

rdloc(addr, idr) Functionrdloc returns the data at the addresklr, and indexidz.
wrloc(addr, d,idz) | Functionwrloc at the addressddr and indexidz, writes the datal.
rdprs(d) Functionrdprs reads the datd, and returns its present bit.
wrprs(d, t) Functionwrprs writes the present bitto the datal.

The SMU provides data to its corresponding process. For iegcit/output signal of the process,
there is a segment in the LUS associated with the signal. eftwer, for each signal, there is a
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control and data signal connecting to the appropriate segmiext, we define the storage structure
of the SMU.

Data Structure: The storage structure contains fields for the inputs andutsitgeach input and
output field is divided into two parts: address and bound. ddidress part points to the location
of the inputs/outputs in the LUS. Initially, the addresstar each input and output field contains
its starting address. The bound part represents the maxinumnber of valid data locations that
can be stored starting from the initial address locationothrer words, the bound represents the
maximum valid values that can be saved at a given time.

The storage structure in the SMU is shown in Figure 8.16. @tgsnization helps in identifying
the addresses of the inputs and outputs of the process ameolisly.

Address | Bound | Address | Bound Address | Bound
In1 In1 In2 In2 **°® Oout Out1

Figure 8.16: Storage Structure in SMU

Functionality of the refined process: The behavior of the refined procegsis shown in Fig-
ure 8.17.

Clock

ReqgData

Figure 8.17: Process Behavior

The process can be in one of the four stateBe, ReqData, Wr Data, and Execute. In the Idle
state,p’ is waiting for the arrival of its clock. On arrival of the clocthe state of’ changes to
ReqData. In this state, the following happens: (i) the SMU sends aiesgto LUS for retrieving
data for the corresponding addresses of the input and aut@gt Extract thepresent bit of the
data retrieved. (iii) If the condition that the-esent bits of the data at all inputs are ‘1’ and that
of all the outputs are ‘0’, then execution is grantét€Gnt), and the transition t&xecute state

is enabled. If the condition of the present bitsfiglse then the transition to thédie state is
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enabled. At theZzecution state, all the inputs are available and the output data camdakiced.
Hence, the data is sent to the proce$sr execution. After the execution, the output data is store
in the SMU. The transition tdV r Data is enabled after the execution. In thHér Data state, the
following happens: (i) Theresent bits of the output data are setto ‘1’. (ii) Theesent bits of the
input data (data retrieved earlier) are set to ‘0’. (iii) Tdhea is written back to the corresponding
addresses of the input and output. (iv) The addresses ofits are incremented by ‘1’ Y%ound

to point to the next read location, and the address of alluatpre also incremented by ‘1’ %
bound to point to the next write location. (v) Once the acknowladeget is received from LUS,
that data has been stored, the transition ta/tfie state is enabled.

t, t, t, t t, t 1,
*s100 [ 2] *s101 [ 2] *s100 [ 2| *s101 [2] *s100 [2 ] *s100 [Z] *s101 [ 2

t1 t2 tﬁ t4 t5 tﬁ
¥5200 [ 3] *s201 [ 3] *s201 [ 3] *s210 [3] "s200 [ 3] *s201 [3] *s210 3

*s200 | 3| *s200 [ 3 [ *s201 [ 3 3 3| *s210 [ 3[*s210 [ 3
*s400 | 2] *s400 [2 | *s401 [ 2] *s401 | 2] *s400 [2] *s400 [2 | *s400 | 2
*s300 | 3] *s300 [3[*s301 [3 3 3[*s310 |3 [ *s310 [ 3

2]*s100 |2 [ *s101 [2] *s100 [ 2] *s100 [2] *s101 | 2] *s100
*s300 | 3[*s300 [ 3] *s300 | 3| *s301 | 3| *s301 | 3| *s310 [ 3] *s310
2] *s401 [2[*s401 [2] *s400 [ 2] *s400 [ 2] *s401 [ 2] *s401

Nf W|N)|

——————— A
| Lookup Storage )
N t, t, t, t, t, t t,
*$100 0 1 (Awr) 0(D rd) 1 (Awr) 1 0 (D rd) 1 (A wr)
*$101 0 0 1 (Awr) 0(D rd) 1 (Awr) 1 0(D rd)
Lookup *$200 0 1 (B wr) 0(Crd) 0 0 1 (B wr) 1
Storage *$201 0 0 0 1 (B wr) 0(Crd) 0 1(Bwr)
*$210 0 0 0 0 1(B 1 1
segments S (B wr)
*$300 0 0 1(C wr) 1(D rd) 1 1 1
*$3071 0 0 0 0 1(Cwr) 0 (D rd) 0
*$310 0 0 0 0 0 0 0
*$400 1 (init) 1 0(Crd) 0 0 1 (D wr) 1
*$401 0 0 0 1(Dwr) 0 (Cwr) 0 0

Figure 8.18: Simulation of Lookup-based GALS Architecture

Now, consider the example of the lookup-based GALS (Figui8)3and the clocks of its corre-
sponding components (Table 8.2b). For comparison purp@sesonsider the bounds for each
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address to be the same as the corresponding size of the FéiR€dered in the FIFO-based archi-
tecture. The lookup-storage size can be computed by

4
D 3252 =32 (24 34 3 + 2) = 3200bits = 400bytes.

=1

Figure 8.18 shows how the addresses are maintained in eaghoocent's SMU and how they
change based on the arrival of clocks. As discussed edhieiata is accessed (read for inputs
and written for outputs) based on the local addresses. Thd EBMws the appropriate segment
where the addressees reside. In the example shown in Figl8e \Be represent each address
as *[signal name][location] for ease of readability. Fostemce, *s301 points to the appropriate
location where the data of signal s3 is stored along withfiitseb 01. After every read/write by
a component, the offset is incremented by 1 modulo boundektipnal. Also, for simplicity,
the lookup storage structure shown only illustrates thegmee (1) and absence (0) bits for the
data. In actual storage, the data is read and written to fbea&ons, along with the appropriate
assignment of presence and absence bit to the MSB.

Prosand Cons: There are a few issues associated with this architectui@ndw clock arrives
for a process when its state is nbtle, then clock does not have any affect on the state of the
process. The process in such a case remains in the sameastateaits for the access. This
does not change the behavior of the process, since the iaputgtored independent of the clock
of the process. Second, as each signal in the KPN model issepied by a segment, only one
process (producer or consumer) can write to the same seging LUS at any given time. The
protocol at each process allows only one of these processeste to the same address of the
same segment. In the case when these processes write temlifieldresses of the same segment,
then the write requests are handled sequentially by the ltuSuch a case the order of the write
access does not make a difference, since the write is donéféoedt addresses (of the same
segment). Finally, meta-stability is avoided in this atetiure as the read and write operations
from LUS happen only after the arrival of the clock. If a newak arrives during a read/write to
the LUS, it is ignored. On the other hand, in a design with raltick FIFOs, meta-stability has
to be addressed explicitly at the circuit level as the dataagave during a clock transition. [79]
addresses meta-stability issues in the multiclock FIF@rfates for GALS.

8.7.3 Formal Semantics for Lookup-based Architecture

In this section, we present the correctness proofs for thkujp-based architecture. To ensure
correctness, we show that the refined architecture masitiagnKahn principle by showing (i) each
encapsulated process in our architecture is determingittinuous and monotonic, and (ii) the
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behaviors of the processes in the GALS architecture is cowigh respect to its KPN counterpart.
We again uséatency equivalencas our notion of correctness (discussed in the earliercsexti

We first show each process in our architecture has the Kalpepyoi.e. deterministic, continuous
and monotonic. We again use the proof for I/O automata asisked in Section 8.4.1. We show
that the processes of our architecture can be correctlgftyened into deterministic I/0O automata.
We first consider the refined process Let addri’, addro}* denote the addresses of thénputs
andm outputs of the processdzi?, idzo* denote their corresponding indices, andi}, bnd}"
denote their corresponding bounds. We denote the datasvBduénputs and outputs a8} and
dot". Assumingdo’, di’,idzi’', andidzo’ denote newer values, apdc P is the process being
refined, the functionality of the refined process can be sspred by the following functions.

The read operation for inputs and outputs is defined as fsllavhere LS represents the corre-
sponding segment in the LUS unit.

For eachuddr € addriy, di; = rdloc(LS;, addr;, idx;)
For eachuddr € addrof*, doj = rdloc(LS;, addr;,idx;)

Now, the following is the execution condition for the proses

if (Vdi € di}: rdprs(di) = 1) A
(Vdo € do}: rdprs(do) = 0))

If the condition is false, the refined process transitionsklia /dle state. If the condition holds
true, then after process execution, the following behavomurs.

For eachk,

doj, = wrprs(p(dit), 1)
dif, = wrprs(dig, 0)
wrloc(addriy, di},, idxiy,)
wrloc(addroy, doy,, idzoy,)
idxiy, = (idzi, + 1)mod bndiy,
idxo), = (idxor, + 1)mod bndoy,
The definitions of the refined process presented are detistioinl he functions-dioc andwrloc,
read and write the data from the LUS unit, and are clearlyrdetestic. Furthermore, LUS con-

tains data which can be modified by only-loc function, and hence is deterministic. Next, we
show these units are continuous and monotonic.
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Theorem 10. The processes in our lookup-based architecture are coatis@nd monotonic.

Proof sketch: We can easily transform the behavior of the refined proceis éguivalent 1/0 au-
tomata. The inputs include arrival of events on the clockalgarrival of data from read operation,
and arrival of acknowledgement after write operations.sehevents are mapped to input actions.
The output actions include the events on control signal @ta signals to the LUS. The remaining
events are mapped to internal actions. Now, to ensure teabpiuts are enabled in all states, first
we consider the arrival of the clock. If the clock arrivestiefdle state, the transition is made to
the ReqData state. In all the other states, if the clock arrives, it reraan the same state. The
input data actions are seen from LUS only in #Re; Data after an asynchronous event is sent to
the LUS. In any of the other states, this event will not be seeno read request is sent. Similarly,
the acknowledgement (input action from LUS) will only hapgdter the write data signal is sent
to the LUS. Hence, for all possible inputs, the I/O autométa®refined process takes appropriate
actions, and hence can be represented as deterministiaté®ata. Byl'heorem 3, the processes
are continuous and monotonic. Similarly, the LUS unit casodde represented by I/O automata,
since all the actions that occur are asynchronous, and thr@ayate deterministic responses are
generated.

Next, we show that the behavior of our refined progéss P’ is correct. Withy', we also consider
the corresponding segments where the data for its input atpdibis stored.

Theorem 11. The behavior of a procegse P and its refined procegs € P’ are latency equiva-
lent.

Proof sketch: The procesp computes a valid value only when all its inputs are availéblecking
read). The condition of the SMU ensure that the correspandifined process computes when (a)
all its inputs are available and (b) it is able to write datés$ooutputs. Now, if we only consider
condition (a), then the behavior is equivalenptdrhe condition (b) ensures that the data does not
override an existing valid value. Once thleconsumer reads the existing valid value, it will make
it invalid. So, for a single process, the consumer acts asi@noament, and we assume that the
environment is fair as in KPN model. Furthermore, sincedhsgra fair environment assumption,
the producer t@’ will also not produce valid data until the data is consumeg’byHence, the
output ofp andp’ will be identical for the same input.

Next, we show that the condition holds true for the composiof such processes.

Theorem 12. The behavior of two composed procesge®. € P (p; andp, are connected by

a point-to-point channel) is equivalent to the behavior led tomposition of the corresponding
refined procesg), p;, € P’ (p} andp, communicate via an asynchronous segment from our LUS
unit).

Proof sketch: Composingy; andp, together implies that one process is a producer and othdr mus
be a consumer. In the KPN modelpif produces data on its output which is consumeghyf X
is a sequence of inputs, thes(p; (X)) represents the behavior of this model. Now, consider their
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corresponding refined processe$,andpi,, that communicate by a segment in the LUS. Using
Theorem 11we know thaty, (X ) andp}(X) are equivalent. Now, singé andp/, share the same
segmenty) can write only at the address location where data has notreedrbyy, (invalid data),
and the address gf, will point to the correct reading location (base assumptioftow the initial
address locations are assigned). Hence the outputggf( X') will be stored at locations where
ph Will read from. As a result, the output of the GALS model wi# b, (p}(X)). According to
theorem 11p(p; (X)) andpi(p} (X)) are equivalent.

Using induction for the number of processes and its cormedipg segments, we can prove that
the behavior of the Kahn model and our GALS model is equitalen

8.8 Comparison of the four architectures

Table 8.5 illustrates the execution of the components ofesample for the four different archi-
tectures based on the clocks considered. Performance ehthre system can be analyzed based
on how the components execute, and how many times the comisomescute. It can be realized
that the handshake-based (using four-phase handshak&eetare had the worst performance,
as each component executed twice in order to communicatgadne across. Using a two-phase
handshake for the handshake-based architecture wouldrhpveved this performance, but com-
plicated the architecture. The drawback with the handslhalsed architecture is that there are
twice more signals for each signal in the network. The perforce of the controller based ar-
chitecture was better than that of the handshake basedeattine but worse than the FIFO-based
and lookup-based architectures. Each component has sigaelg back and forth to the CCU,
therefore for such an architecture, two signals are addedrtonunicate with the CCU.

Next, we compare the FIFO-based architecture and the lebkspd architecture. In terms of per-
formance, the lookup-based architecture is better, as@anponent does a fetch on its clock and
stores the corresponding data in its local storage. As dtyéise data in the storage has already
been read. However, the main overhead for this approaclaighbre are many reads and writes
to the storage for each component. In the case of FIFO-basbdexture, the FIFOs are placed
in-between the components. Similar to the handshake-t@asbitecture, each signal is associ-
ated with two additional signals (valid and stall). Howeuwbe encapsulation of the computation
block includes a barrier synchronizer, which functionsghee as a join. Table 8.6 illustrates the

Architecture t ty t3 t4 ts te

Handshake (4-phase)A,B | C D - B A
FIFO-based AB|AC| BD |ABC | BD|AB

Controller-based | AB| C B.,D AC |BD| A
Lookup-based | AB|AC | ABD | ABC|BD|AB

Table 8.5: Execution of Components in Different Architeetur
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overhead associated with the four architectures.

Computation | Signal Overhead Communication
Complexity (n signals & m| Media
components)
Handshake-basedRTU 2*n -
FIFO-based [IP and OIP 4*n FIFOs
Controller-based | LCU 2*m CCuU
Lookup-based SMU Control signals | Lookup Storage

Table 8.6: Overhead associated with GALS Architectures

The handshake-based GALS architecture should be chosée dargjet architecture when there
is a constraint on adding additional elements such as conaation media (Table 8.6. Here, the
cost associated with additional signals such as placenmeintaating is not an issue. FIFO-based
architecture is a good choice as the target architectut@AdrS, if additional signals can be added
easily with FIFOs. Such an architecture would be best fofoperance driven applications. The
controller-based GALS architecture is better if there i®astraint on number of signals can be
added, and the ratio of the components in the design oveutinder of inter-component signals is
higher. Hence, less number of signals will be added in tlakitacture than the handshake-based
architecture. If addition of extra storage elements on Hig is not an issue, and storage accessing
time is assumed to be little, then the lookup-based GALSi@cture is best. It was realized by
the example that the Lookup-based GALS architecture hadelse performance if there are no
constraints for additional elements/signals on the chig,the accessing time was assumed to be
negligible.



Chapter 9

Polychronous Methodology For System
Design

In this spirit, synchronous programming languages implaraehighly concurrent model of com-
putation (MoC) in which time is abstracted by symbolic symetization and scheduling rela-
tions to facilitate behavioral reasoning and functionaifieation. In the particular case of Poly-
chrony [15], time is represented by partially ordered syanlzation and scheduling relations, to
provide an additional ability to model high-level abstrans of system paced by multiple clocks:
globally asynchronous systems. Polychrony favors therpssive design dfcorrect by construc-
tion” systems by means of well-defined model transformationspiteesterve the intended seman-
tics of early requirement specifications and eventuallyiol® a functionally correct deployment
on target architectures [122].

Unfortunately, the polychronous models are often very tenmtuitive to regular engineers. Such
models specify systems where variables are updated aténdept rates resulting in a complex
semantic theory based on ‘clock calculus’ [31, 32]. This pboation in theory though led to
powerful analysis capabilities, leading to optimized &ysis of embedded software systems which
sample its environment exactly as required, no more, no ldssice, if the semantic theory can
be rendered more palatable to engineers, polychrony casdithy a much wider audience than
computer scientists alone.

In order to simplify the notion of polychronous specificatiove model a “true concurrency” rep-
resentation of polychronyTrue concurrency semantiese useful to analyze multiple behaviors
that occur simultaneously, which in contrast is differewni interleaving semantigsvhere such
behaviors occur in an interleaved manner (cf. models in,[186, 86]). For example, consider
two independent atomic actionsand/ in a system which can occur concurrently. Itr@e con-
currencymodel, the execution af and occur simultaneously. Now, in the interleaving model,
the execution oty is followed by 5 or vice versa. Figure 9.1 shows the interleaving and true
concurrency behavior o and 3. Since, polychrony is a concurrency model where activities
happen at their own pace except when explicit synchrowzatare required. We chose true con-

133



Syed M. Suhaib Chapter 9. Polychronous Methodology For 8y8&tesign 134

currency as a semantic model to understand the semanticdychpony and characterize various
subclasses of polychronous programs. Polychronous priggcan have many characterizations,
such as deterministic programs [43], endochronous progfd&) 122, 41], endo-isochronous pro-
grams [43, 122], weakly-endochronous programs [186, 1&¢], As we will see in subsequent
sections, some of these characterizations lead to eagigrimentation of the model as sequential
programs, such as endochrony.

a B
[ J [ J
Interleaving actions True concurrency actions

Figure 9.1: Interleaving and true concurrency behaviors

In this chapter, we show that this semantic approach notfalyides intuitive characterization of
determinacy, and endochrohj43], but also helps in analyzing the synchronous and aspncius
interpretation of the same program in a single represemtatVe use the terms ‘synchrony’ to im-
ply an implementation with instantaneous communicatidwben processes, and ‘asynchrony’ to
imply delayed communication based implementation. In¢bistext, a synchronous interpretation
means that an observer is observing the behavior with respesticcessive reactions, whereas,
an asynchronous interpretation means that an observerserobg the behavior as streams of
input/output events.

The notion of ‘endochrony’ in polychronous model of compigtais used to decide the feasibility
of single clock implementation of a specification, or of atdisited implementation over asyn-
chronous channels. However, due to the mathematical femslused to define such notions are
highly abstract, and are difficult to comprehend intuitwfgr a given program.

Originally, polychrony was explained with ‘synchronouartsition systems’ (STS) [43] but more
recently polychronous programs have been given semantj@é22] using theagged signal model
of Lee and Sangiovanni [152]. This semantic model of polgagrhas an artifact of tags with
each new value of the variables/signals during the progreenwtion. Our work here show that
these tags are unnecessary for the purpose of charaagpiaipchronous programs. In fact their
usage makes asynchronous interpretation of programs yieduiplicated, resulting in difficult
to understand theories for characterizing polychronoognams, such as characterization of en-
dochronous programs [42, 122]. In this chapter, we brinthftre pomset based semantic model
which is intuitive for engineers while it removes the needddagged-signal model.

1Defined in Section 9.2



Syed M. Suhaib Chapter 9. Polychronous Methodology For 8y8&tesign 135

In embedded software design, one big question is when caplane a program in an asynchro-
nous environment and expect to obtain the correct outpuiesexg, similar to what one would
expect from the program in a synchronous environment. Sueltopn is related to the issue of
asynchronous interpretation of a program. Consider the pkasthown in Figure 9.2, where y
are values generated by the environment,@ndare values consumed by the environment:, lj
are generated by independent sources, more new valuesiay come before a single new value
of y or vice versa. If the program inside the box is sequentiatigten, then ifz, y don’t come at
the same rate, while processingsome new value of may be missed. If the exact relative rate of
arrival of z, y are known, one can write the appropriate multi-threade@ c@iir semantic model

X___p| if (x=0) then -8
u = process(x)

if (y=0) then v

Y ’ v = process(y) >

Figure 9.2: Program communicating with its environment

is naturally an asynchronous interpretation, and its ssorabus interpretation is constructible for
deterministic polychronous programs by way'lefvelling functions” defined in this chapter.

Interestingly, the same deterministic program may haveiptelpossible synchronous interpreta-
tions, and a choice one makes leads to a refinement of thehpolyous specification. Multiple
possible synchronous interpretations can occur when thieoement generates independent in-
puts at multiple unrelated ratesan-endochronous specifications

As a result, if sequential code is generated from such a podywus specification, multiple pos-
sibilities will exist, and a choice of one over another wibitrbe correct without having extra
constraints on the environment. So if one is interested ontige class of programs that has cor-
rect and unique sequential implementation, one would leFested in the class of endochronous
specifications.

Since generating “correct-by-construction” sequentiatbedded software from polychronous spec-
ifications is very important for engineers interested in giatfiven code generation, this chapter
attempts to demystify the notion of endochrony in very serekms. For example, endochronous
systems have the property that they can be uniqdelynchronizednd resynchronized122],
whereas one can also state that such systems can be eassifiethas single clock triggered
systems, which can have multiple rationally related clodRsir pomset based representation of
polychrony also attempts to simplify this understandingpbyviding a visual representation of the
execution traces. Further characterizations of prograsysecially for generating multi-threaded
implementation will be a topic of further research.

Main Contributions: The main results of this chapter are as follows: (i) We showwua ton-
currency semantics for polychronous specifications usamgget [189], and furthermore construct
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semantic models from polychronous specifications writteingithe SIGNAL language [15]. In
doing so, we interpret the polychronous specificationsauitithe notion of tags. (ii) We formalize
the property of endochrony in terms of pomset semantics,saioav that they are intuitive and
visually relatable in this formalism. We provide an illigive example of pomset characterization
of endochrony in terms of levellings.

9.1 Background

In this section, we introduce the background and prelinyirtiafinition necessary to understand
our formalism. We define various terminologies used in theptér, introduce the semantics of
the tagged signal model for polychrony from [122], and byieliscuss the SIGNAL language and
pomsets.

A programis a collection of statements that execute based on thetapesalefined by the state-
ments. The statements can be of the form assignments, wmsjitoops, etc.

Let V denote the universal set of all variables dndbe the set of all data values.

9.1.1 Polychronous Model of Computation

Polychronous MoC [122] facilitates the description of syss in which components obey to mul-
tiple clock rates. The reason for such multiple clock ragethat such systems interact with the
environment, and the rate at which environment generatasvare not necessarily known unless
constraints are imposed on the environment, which oftentipassible. Polychrony also provides
a mathematical foundation to a notion of refinement and thigyato model a system from the
early stages of its requirement specifications to the laigest of its synthesis and deployment.

In the tagged signal based semantic model of polychrony][B22artially-ordered se€t7, <, 0) of

tags is considered. A tage 7 denotes a symbolic instant or a period in time. We denbte C

a totally ordered subset @f, whereC is the set of all chains. Signals, behaviors and processes ar
defined starting as follows:

An evente € 7 x D is the pair of a tag and a value. The absence of an event, idetkas:. A
signals € C' — D is a function from achain of tags to values. Aehaviorb € B is a function
from names: € V to signalss € S. A processP is a set of behaviors that have the same domain.

We write tags(s) andtags(b) for the tags of a signal and of a behaviob; b|y for the projection
of a behaviob on X C V andb/X = b|vasp)\x fOr its complementaryyars(b) andvars(r) for
the domains ob andr.

The synchronous compositior s of two processes ands is defined by the union of all behaviors
b, (fromr) andb, (from s) which carry the same values at the same tags.
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r|s={b,Ubs : (by,bs) € r x s,I = vars(r) Nvars(s),b.|; = bs|r }

Note that this definition implies that on the variables comrt- ands, communication is instan-
taneous.

Example 4. Consider two behaviors, andb, with vars(by) = {a, b, ¢} andvars(bs) = {c, d, e},
and{a,b,c,d, e} € V. The synchronous compositionigf b, = {a, b, ¢, d, e}, whereb,|c = bs|c.

A traceconsists of a sequence of events ordered based on theiitatsck? for thetrace can be
derived based on these tags. Each variable is associated signal, hence represents a behavior.
Therefore, each variable is associated with a clock thabtésrthe chronology of the occurrence
of events. For a variable, we denote its clock by. Consider the following example:

Example 5. Consider the observation of the trace of variahlshown below.

tags: tl tg tg t4 t5
a: 5 11 3 1 10

The data values that are assigned to variable ‘a’ aré1, 3, 1, and 10, and their respective tags
arety,ts,t3,ty andts. The clocka is (1, to, 3, t4, t5), Which is based on the occurrence of events
for a.

A polychronous system is a collectionograms associated with multiple clocks. The programs
of such a system may or may not be related by rational clocks.

9.1.2 SIGNAL

A SIGNAL program [122] consists of several equations ovgnals, which are composed together.
Each equation executes simultaneously in parallel. AsghateX is the set of all signal names of
the program with signals, v, z, ..., then an equation is defined as= f y, wheref € F'is the
process, and the equation defines the relation betweengih@si andy. The SIGNAL language
consists of three primitive processgs: e, when anddef aul t. The equatiorx = pre val

y defines that the signalholds the previous value of signglwith the initial value set asal. The
equationx = y when z defines that the signal holds the value of signal when signal: is
present and true, otherwise the value of signa not defined. The equation = y defaul t

z defines that the signal holds the value of signal when it is present, and otherwise holds the
value of signak. The semantics of the primitive processes are presentetidd].[ The equations
can also represent arithmetic operations. SIGNAL has themof time instantswhere each time

2A clock denotes the frequency at which the events occur
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instant denotes one reaction cycle. Signal also contairday dperator $, that delays the events
of a signal byn time instants.

For signalsr,y € X, we sayz is functionally dependergn y if x = f(y) for some operation
f. The events of: are realized at the same time instantg oHere, the clocks of all the signals
are same. This type of functional dependency is implicit.weer, considering operators that
explicitly add delay between signals, we say these sigmalsaaisal Causality induces temporal
precedence between the events of signals. Consider theviiofj@xample with signals, b, c € X.
We defineb = a + 5 andc = a$l.

tags: t1 to t3 tyg s
a: 5 11 3 1 10
b: 10 16 8 6 15
c: -5 11 3 1

Example 6.

In the example, the signalis functionally dependent on signaland signat causes the events of
signalc with a delay of 1. The consequence of the application suchatgres induces acheduling
of these new events.

9.1.3 Pomsets

For pomsets, we follow the definitions of [189].

Definition 1. Apomse{189] is an isomorphism class oflabelled partial order (Ipajefined as a
4-tuple as(V, <, X, u) where:

e V is the set of vertices modeling events. Each ev@gnin (/' is an instance of an actioa X.

o <isthe partial order defined olr which expresses precedence between eventsh € V/,
thena < bis interpreted as eventpreceding eventin time. (So< is really a pre-order).

e Y is the alphabet modeling actions. For example an action eaafassignment of a data
value to a variable (e.g reset:=true).

e 11 : V — Y is alabelling function that assigns the actions to vertices

In this work, > andy, components play no direct role.

9.2 Pomset Representation of Polychrony

An event of a pomset is representedcawheree = (z, d), for x € V andd € D. An event sets
a set of such events that are related by a partial orderiatjorl(<). A pomset is visualized as a
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graph, where each node corresponds an event from the vettex and the arcs order the events
based on<). In the graphical representation, we only show arcs betviwe events;,e; € V,

iff e; <ej, Pe, : & # e, # e; s.t.e; < e, A e, <e;. We denote the partial order by — if there

is an edge between the event vertices in the pomset graph.

Example 7. The pomset P for the trace of variable ‘a’ in example W%, <p,>p, up), Where
Vp = {ay,as,as,a4,a5} anda; = (a,i),i = 1,2,3,4,5 € N. The partial order,<p is defined
on Vp, wherea, — ay — az — a4 — as, and Xp the action set iSa := 5,a := 11,a :=
3,a:=1,a :=10}. up is the labelling function that maps the events to their aetid~or example,
a, i1s mapped to actiom := 1. The pomset visualization of polychronous variabls shown in
Figure 9.3.

(a,5) (a,11) (a3

) (a,1) (a,10)
OO 00—

Figure 9.3: Visualization of pomset P

We now need to extend a pomset with the notiorfusfctional pomsetthat captures functional
dependency between events in the set. The partial ordercapiures temporal precedence of
events, and does not capture the dependency caused by thieaflasome events occur due to a
function computation on some other events. Later in the temawhen we show how to construct
a new pomset from pomset representations of two processel wkeract in the sense that events
in them participate together in a function computation, wedto introduce a new pre-ordet/()

on the resulting event set, that expresses the orderingl lmasiinctional dependency. df= f(a)
fora,b € V, thena </ b is interpreted as eventprecedes in functional sense evénandb is
functionally dependent om.

Definition 2. Functional Dependence: An event; is functionally dependent on an events;,,

by, by, if @ = f(bj,bj,, ..., b;.). We denote functional dependence withand represent the
corresponding edge in the pomset visualization witharc.

Example 8. Consider the example far = f(x), wheref(xz) = = + 5. The traces of variables
and z are shown below:

time : tl tg t3 t4 t5 t6 t7
T 1 -3 - 5 - 7
z: 6 - 8 - 10 - 13

In this example, every value of the trace of variablis incremented by, and its result is shown
in the trace ofz. The new events are realized at the same time instants due &ymchrony

assumption There is a functional dependence between the events oblesia and = and are

written asz; — z;.
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The addition of functional dependence order among everdapmmset means that we have a new
semantic object which is a pomset together with anotherreéiaxive partial orde</. For ease of
writing, we call this functional pomset also pomset, with tinderstanding that@/ ordering may

or may not be attached to it. If one considers, a single inpuéable of a program, and all the events
happening for that variable, we usually get a totally ordggemset or a tomset. Such a pomset
does not have any¥’ associated with it. The functional dependence ordef) (is considered
when we construct the pomsets corresponding to a progratrcamaputes functions based on
such input variables. In the following section, we show hogveenstruct pomsets semantics for
SIGNAL programs with causal as well as functional dependefitiroughout this chapter, for a
given pomsep, we denote its partial ordering by,, and its functional ordering bg;;. It should

be clear that<, of a pomset p, and itg;,” are always disjoint

One important construction fact to know is how to capturechyonization between two events in
the <. Letz andy be two variables in the program, and events happening irethasables are
expressed as tomsets;, s, ...x;, ...} and{yi, y2, ...y;, ... }. Suppose the program requires that
andy; to be synchronized. This can be captured by addingy,,,) and(y;, z,+1) in <.

Property 1 Property 1 +2

@

Property 1 +2 + 3 Property 1 +2+3+4

Level 1 Level 2 Level 3 Level 4

Figure 9.4: Levelization of traces of x and z

Furthermore, we define the notion lefvelizationof the events in the event set by using a level
function!. Levelizationnvolves arranging the events into levels based on thetrigpardering.

Definition 3. Levelling Function: Given a pomsep : (V,, <,,%,, 11,) and its associated func-

tional orderinggg, a level function : V,, — N has the following properties:

1. Ve;, €; if e Sp €5, then l(é]) > l(él)

2. LetV,(e;) ={e, €, ..., €, } be the set of eventst. Ve; € V,(e;)
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if e; <I e, fer ¢ V,(e;) (er </ ), thenl(e)) = mazz,cv, (e, 1(€)

Intuitively, events that are ordered by should have increasing level numbers, and for a
set of events that lead to a function computation, the lef/¢h® resulting event from the
function computation will be max of all the levels in the coloditing set.

Let £? be the set of all possible levelling functiohs V,, — N for the pomset, as defined
above. LetC] C £P denote the set of all levelization functiohwith two extra properties:

3. If Vi = {&]Pe;,e; <, &} then for atleast one € V;, l(e) = 1

4. LetV,(¢)) = {é,, €, ..., €, } be the set of eventst. Ve, € V,(€;)
if e; <, &, Per ¢ V,(¢;) (er <, &), thenthere is at least one; s.t. i(¢;) = MaTe,cv,(e;)
I(e;) +1

This means that this special levelizing function assigesetrents with no preceding events a level
of 1, and increments by 1.

Intuitively, the levelling function assigns the levels thtae events. Property 1 states that the events
that occur late always have higher levels. Property 2 sthtgdunctionally dependent events are
assigned the highest level of all the events that it is depeinoh. Property 3 states that the events
in the lowest level have no events preceding them. Finalbp@rty 4 assigns the level numbers to
all events.

Example 9. Consider the traces of variablesand ‘2’ from example 8. The pre-ordet, is
defined on events afasz, <, 7, <, 73 <, 4 and events of asz; <, z, <, z3 <, z4. Also,
asz = f(x), the functional dependence/ is defined as; </ z fori = 1,2,3,4. Property 1 of
definition 3 implies that level of; is less than level af;, ;. The same applies for the events:of
Now, property 2 implies that eventgand z; are in the same level a5 is functionally dependent
onz; (z; g;f Z;). Property 3 defines a levelling function which starts by llevg z;, = 1, and
property 4 describes how to level the others (&@:) = I(Z;) + 1 = 2). This property extends to
other events as well as providing the level number for eachteViéne graphical representation of
the pomset and its levelization is shown in Figure 9.4.

Given a pomsep : (V, <, >, u), and a levelling functiord € L7, (p,[) is anl—synchronous view
of pomset p. A pomset may have multiglesynchronous views. If € £, then we call it a
asap-synchronous view of the pomset. Note that “asap” stiondas soon as possible”. One can
imagine a levelling function as a schedule for the eventhefgomset. In this sense, an asap-
synchronous view is provided by a levelling function whiclakas at least some of the events
occur as soon as they are permissible by the constrai&t% ahd<,.

An asynchronous view of a pomset is a pomset without a lexehunction. Such a view does
not show whether non-causal events happen synchronouslgtorin an/—synchronous view,
one can imagine that events that have the same level happesn same synchronous step. So an
[—synchronous view imposes a scheduling on the events of timsgto



Syed M. Suhaib Chapter 9. Polychronous Methodology For 8y8&tesign 142

Now, if one replaces the clause (1) in extra conditionsf8rby the conditionve € E;, i(e) =

1, then it provides an “exactly-asap” view. We will call thet € such levelling functions as
L] — exact. So the corresponding “exactly-asap” schedule, therefoekes events that results
from computing a function on other events, synchronoustypaing with the events it depends on.
It also makes event sequences in each input to occur in coinsesteps (levels). All events that
are inputs (events that do not functionally depend on othents in the pomsets), their sequence
happens synchronously inlack step. So an “exactly-asap” view of a pomset is a synchronous
scheduling of events, assuming input events all come iroitledtep. In Figure 9.5, one can easily
see that righthand side we have an exactly-asap-synctsameun of the pomset on the left hand
side. The level function in this view mapsz andb to level 1, andé to level2 andd to level 3.
Since this pomset does not have an associatgdhis level function can be easily seen to be in
LY. In Section 3, we give more examples to clarify this idea.

|

Figure 9.5: Graphical representation of pomset

A process can have multiple behaviors, and can be represbyteither a single pomset or by
multiple pomsets.

Definition 4. Process: A processP is a collection of pomsets. A proceBs= {p1, pa, ...}, where
p1, P2, . . . are pomsets with disjoint event sets of the process.

Note that the different pomsets of a process capture diftgr@ssible behaviors.

Definition 5. Pomset Projection: A projection of a pomset on a variable sef denoted by|; is
defined as follows. Givem= (V, <, ¥, ) and a variable sef C V, p|; = (V|1, < |1, 2|1, plr),
where,

1. ¥|; C ¥ denotes the set of all actions that pertain to variables ionly

2. V|; € V denotes all events that pertain to the variable/senly, (ve € V, e € V|, iff
p(e) € Xfr),

3. pl|r : V| — X|;is restriction onu to V|, and

4. < |; C <is arestriction oK to the events only ifv".
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Intuitively, a restriction of a pomset on variable setl can be obtained by deleting all events
not pertaining to variables if, and all dependency arrows that shows dependency betwekn su
events.

A processP, with input variabled and their corresponding tomsets, is deterministic iff tbmpet
associated with the process behaviors is unique upto iqumsn.

Definition 6. Deterministic Process. A processP is deterministiaff, 3/ C Vp s.tVp,q € P, if
plr = qlrthenp = q.

For every given input sequence in the pomset represent@ftdeterministic process, there exists
a single pomsept such thatp|; matches that given input sequence. Note that for an independ
input variable sef, its input sequences correspond to a set of tomsets whdréaaset represents
an event sequence for a variable. For non-deterministiogsses, multiple pomsets may represent
possible behaviors of the process for the same given inpuiesees. For the rest of the chapter,
we only talk about deterministic processes.

The composition of two pomsets is defined as follows:

Definition 7. Composition (|): Consider two pomsets efandy as(V,, <,, 3, 1) and (V,, <,
. Xy, ly), then composition of andy is defined as follows:

Vap = Vo @ V),
x | Yy = <V;c\y> §x|y7 Eﬂ»‘\lﬂ 'U’$|y>7 where Exlj =2 U Eyy
Haly = Ha U iy

where, x denotes the unification of the event traces. Let consideur) to contain all events
associated with variablear, andV; be the set of variables associated with events V; for
j = x,y. x satisfies the following:

1. Vél < 7T(’U(ZT), if var € (Vx N Vy) then €; = €jp = éiy
2. Ve; € m(var), if var € (V, \ V,) thene; = ¢,
3. Ve; € m(var), if var € (V, \ V,) thene; = €,
Evente;, ande;, are thei'™ events of pomsets x and y. The compositignoperator is associa-

tive and commutative. When two processes are composed &g#dth behavior of the resulting
process is the combination of the pomsets of the two prosesse

Example 10. Consider two processes with behaviors z:= x default y and s:=fautiet. Their
corresponding pomsets and composition is shown in figure 9.6.
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Figure 9.6: Composition of two pomsets.

9.2.1 Flow and Clock Equivalence

The synchronous structure of polychrony is defined by a obagkvalence relation. Two behaviors
are clock equivalent if they have the same partial order ugntcsomorphic choice of time tags.
Note that these definitions are of tagged-based model othoyy [122], and later we provide
extensions to pomsets.

Definition 8. Stretching: A behaviorc is a stretchingof b, writtenb < ¢, iff vars(b) = vars(c)
and there exists a bijectiofion 7 which satisfies:

1. Vt, t' € tags(h),t < f(t) A (t <t & f(t) < f(t))

2. Vx € vars(b), tags(cl(a}) = f(tags(blizy)) A VE € tags(bliay), bl(zy () = clizy(f(2))

Definition 9. Clock Equivalence: b and c are clock equivalentwrittenb ~ ¢, iff, there exists/
st. b < dande < d.

Vi, ' € tags(b),t < f(H) AN (t <t & f(t) < f(t))
Vo € vars(b), tags(c|(zy) = f(tags(bl(zy)) A
Vit € tags(bla)), Olgay (1) = cliay (F(1))
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The asynchronous structure of polychrony is modeled by adigwvalence relation. Two behav-
iors are flow equivalent if the order of values they hold is eam

Definition 10. Relaxation: A behaviorc is arelaxationof b, writtenb C ¢, iff vars(b) = vars(c)
and, for allz € vars(b), b| () < ¢|{z}-

Definition 11. Flow Equivalence: b andc are flow-equivalentwrittenb = ¢, iff there existgl s.t.
bJdandd C c.

Asynchronous composition || s is defined by considering the partial-order structure irduisy
the relaxation relation. The parallel compositionradnd s consists of behaviorg that relax the
behaviors, andb, from r ands along shared signals= vars(r) N vars(s) and that stretch, and
bs along independent signals ofinds. Let.J = vars(r) U vars(s), then we have

r| s={de B|;|,3(b,bs) € rxs,d/I> (b./I|bs/I)Nb.|; Cd|; 3bs|s}

We now extend these notions of flow and clock equivalence togets. Let p V), <,,%,, 11,)
and q:(V,, <,, X, it,) be two pomsets ar@t a process, such thatg € P. We denote the variable
set of p and q by, andV,.

Definition 12. Flow map between Pomsets. Given two pomsetg and ¢ with their associated
functional dependency orderinggj and gg, a flow map betweep and ¢ is an injective map
Jog : Vo — Vg St

1.V,=Y,
2. Yv € V,,Va,b € Vplpy ifa <, bthen f(a) <, f(b), f(a), f(b) € Vil
3. Va,beV,ifa <[ bthen f(a) </ f(b), f(a), f(D) € Vilw

Note that in the above definition,|(,; denotes only the events i, that pertain to a variable
only.

Intuitively, a flow map requires that for every variable inednehavior (pomset), there is a corre-
sponding variable in the other behavior (pomset) where thercof events on these variables is
identical. Moreover, if one observes the events acrosgabias that have functional dependence
among themselves, such dependence is preserved in themamntkng mapped events.

Definition 13. Flow Equivalent Pomsets. Given two pomsets and ¢ and their associated func-
tional dependency pre-orde_tg and gg;, we callp andq flow equivalentff there exists a flow map
fpq frompto g st. fi;]1 is also a flow map from to p.

Two pomsets (with their functional dependencies)fiow equivalentiff by just observing event
sequences for each variables separately (without comsidiéneir causality with events from other
variables, except for functional dependency), one canistinduish between the behaviors repre-
sented by the two pomsets.
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Theorem 13. For a deterministic process, the flow equivalence classesiagleton sets.

Proof. (Proof by contradiction) Lets assume that there exists arahistic process where the
flow equivalence classes are not singleton sets. fllet., ™ represent flow equivalent classes
where forl < i <n,1 < j <n,andi # j, 3i,j : f* # f7 (non-singleton). Hencef’ and f7
yield different orders of events for the same behavior mglkimon-deterministic. Hence, it is a
contradiction since the process is assumed to be detetiminis ]

Let £7 denote the set of levelling functions for two pomsets in pes®, then,? and £ denote
the sets of levelling functions for pomsets&ndq. Two pomset are clock equivalent if they have
isomorphic levels.

Definition 14. Clock Equivalent Pomsets:  Given two pomsets = (V},, <,,%,, ) andq =
(Vi <q: 3¢, 11q) and their associated functional dependencidsand </, we say andq are clock
equivalent, denoted gs ~ ¢, iff there exists a bijectiorf : V, — V,, and levelling functions
I, € LY andl, € L] st. Vo € Vp, () = l(f(2)) A VY € Vo, lg(y) = L,(f ().

What this means is that two pomsets al@ck equivalentif asap-synchronous views of both are
created, then a bijection between the events in both wousdd wih the following property. Events
in one pomset that are in the same level under its levellimgtfan, will be mapped to events in
the other in a way that they all have the same level under thraspt’s levelling function. In other
words, if one thinks of events in the same level happeningaerstime cycle, then in both pomsets
events that correspond to each other would happen in the caiee

9.2.2 Understanding Endochrony

A pomset represents a single behavior of a polychronousrgmodor a given input event se-
guence. So from an asynchronous observer’s point of viewnaspt provides a specification such
that his/her observations of event sequences (withouingakto the program itself) must never
violate the pomset's< and</. On the other hand, a levelling functidrprovides a view of the
program execution with the scheduling of the events, whielams the observer can also see inside
the program’s execution schedule with respect to some cléach possible levelling function
may correspond to a different clock, and schedule. In patyty) an interesting class of process-
es/programs are called endochronous processes/progidmssis the class of programs that can
be scheduled with one master clock uniquely.

Definition 15. [122] A processP is endochronousff, ¥b;,b; behaviors ofP, if b, ~ b, then
bi ~ bj

What this means is that if we have behaviors that are flow elguitjawe could schedule them
uniquely with respect to one clock. The way to schedule theilinbe given by thel; levelling
function set for the behaviors.
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Now we state the following theorem which demystifies the idie@andochrony.

Theorem 14. A process is endochronou$, Vp € P the setl] is singleton.

Proof. Consider any behaviots, b; for an endochronou procepsand their corresponding syn-
chronous and asynchronous views-

We have the following:

1. P1: Property of Endochrony; ~ b; = b; ~ b;

2. P2: Pomset view: singletos?

P1states that in an endochronous progessl flow equivalent behaviors (modeled as flow equiva-
lent pomsets) are also clock equivalent (modeled as clogivalignt pomsets). On the other hand,
P2 states that the equivalent classe<bfare singleton (synchronous view). We need to show that
Pl1< P2 So, we prove that (iP1 = P2, and (ii) P1 < P2 Now for proving (i), we know that

b; = b; = b; ~ b;, and by definition of clock equivalencg, ~ b, = b; ~ b;. Hence, the clock
equivalence class is singleton. Therefore, thel4awill contain a unique synchronous view, and
would be singleton. Hence we have proved (i).

For (i), we know L7 is singleton implying that we have a singleton clock equemalclass of
behaviors(b; ~ b;). Therefore,singleton L7 < b; ~ b; (Singleton clock equivalence class
implies a unique synchronous view). Now, we know by definitmf clock equivalence that
b; ~ bj = b; = b;. Lets consider’] — exact of the same behaviors (asynchronous view). So,
singleton L} < L] — exact. Also, by definition of asynchronous views, and flow equinake,

for the same set of behaviows] — exact < b; ~ b;. Hence, we geli; ~ b; < b; ~ b;. Therefore,
we can conclude that singletd{ = b; ~ b; = b; ~ b;

Hence, we have proved (ii). We can conclude fhat< P2.
O

We provide examples to clarify the understanding of endmtphibased on our pomset based se-
mantics. Consider a simple SIGNAL program shown in listing. 9The inputs and outputs are
declared in line 1, where inputs are labelled with “?’ andpotg with ‘. In the program, y

are inputs which are assigned to outputs respectively. The clocks of andu are same, and
clock ofy andv are same because of the assignment. However, the cloeksnaty are unrelated,
implying that the clocks ofi andv are unrelated.

Listing 9.1: Non-endochronous SIGNAL program

1process P = (? integer x, y; ! integer u, v;)
2 (] u:
3 | v:

4 D)

X
y
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Consider, two input events on signalandy each, represented as, z», andy;, 5. The pomset
representation of these behaviors are shown in figure 9.% tKat the solid arrow represents the
causal dependence, whereas the dotted arrow represefusttional dependence.

Level 1 Level 2 Level 1 Level 2 Level 3

N O @
0 |
— oo

(a) Asynchronous View (b) Multiple Synchronous Views

Z

Figure 9.7: Pomset representation of a non-endochronagsgm

Figure 9.7(a) shows the asynchronous view of the pomset, Mgelizing the pomset, we can get
multiple synchronous views as shown in figure 9.7(b). Reball the causally dependent events
are placed in different levels, whereas functional depenhdeents are placed in the same level.
We only show two synchronous views, however, many diffecantbe observed.

Next, we try to transform this program to an endochronougiamm by relating the clocks afand
y. Consider the modified program shown in listing 9.2.

Listing 9.2: Endochronous SIGNAL program

1process P = ( ? integer x, y; boolean cx, cy; ! integer u, v;)
2 (] ui=x

3 | vi=y

4 | ex "= cy

5 | x "= when cx

6 | 'y "= when cy

7

D)

The non-endochronous program (listing 9.1) is extendedduing boolean signals and clock
constraints to make it endochronous (listing 9.2). Theldoof cx and ¢y are identical, and
the clock isz is present whenever the: is present and true. The same is done for signal
The pomset view now depends on the clockeof cy, and their corresponding values. Hence,
given these values, we always get a unique synchronous \fee boolean true values ofr
andcy alternate, the corresponding pomset with asynchronousyamthronous views is shown in
Figure 9.8. For clarity, we do not show the events of signalandcy.
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Level 1 Level 2 Level 3 Level 4

(a) Asynchronous View (b) Synchronous View

Figure 9.8: Pomset represention of an endochronous program

9.3 Constructing Pomset Semantics for Polychronous SIGNAL

The tagged model of polychrony consists of behaviors, wieaeh behavior corresponds to a
signal. A signal in this model is a sequence of (values, taisp As discussed earlier, each
signal corresponds to a unique variable, and functionalyethdent signals are created based on
the corresponding operations. We use a running exampleote stis construction.

Example 11. Consider the following example with two variables ‘a’ and ‘b’ atfieir respective
traces. Some operatian= a @b is defined such that whenever an event for variable ‘b’ is prese
the new behavior ‘c’ gets the value of ‘a’.

time : tl tg t3 t4 t5 t6 t7 tg tg
a: r -2 - 3 - 4 b}

b: 12 - 3 4 - 5 6 -
c=a®b: 1 - - - 3 - 4 - -

The events on variable are: (1,t1), (2,t3), (3,t5), (4,t7), (5,t9), andb are: (1,¢1), (2,t2),
(3,t4), (4,t5), (5,t7), (6,t3). We represent these events@sas, as, a4, andas for variablea,
andby, bs, bs, by, bs, andbg for variableb. For this example, we define a new behaviarhich is
formed by doing operatios of the events om andb. The operatior® requires both the events to
be present. Hence, if there exists a matching tag for theti®eém andb, then an event for variable
c is created. This can be seen from the trace of variabieghe example.

As discussed earlier, there is a difference between the®wetagged-based model and pomset
based model. Furthermore, the partial ordering relatianttde captured based on these events.

To construct its corresponding pomset semantics, we datlmeving:

1. Create appropriate events for pomsets.

2. Arrange these new events based on an ordering relation.

Each tagged event is transformed to a pomset event. Eacbhdaygnt for the variable ¢ar)
of the forme = (value, tag) is transformed into a pomset evenof the forme = (var, value).
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Hence, for all events of the tagged-based model, we carediteaset of vertices (modeling events)
V. Also, we know that since the tags are partially ordered, areareate the partial ordet for
the events of the pomseét. consists of the actions, and the labelling functioassigns the actions
to the vertices.

For our example, we can create the corresponding eventedgydmset. The events for variable

ordering between these events is definedbyl’ of Figure 9.9 shows the corresponding pomset
representation of the behaviorscofndb. Application of the levelling function give the levels for
the events.

L1 L2 L3 L4 L6 L8 LS

o] a

L1 L2 L3 L4 L5 L6 L8 LS

?
®)
©
{

2)

ke

@Tﬁ
&

Q\ (2)
) /K
hog

L1 L2 L3 L4 L5 L6 L8 L9
\
|
|
|
T
!
|

Figure 9.9: Levelized graphical representation of pomstt @vents of variable a and b

For each level in figure 9.9, if events for both variableandb exist, then a resulting event for
variablec is created. For instance, in level, botha; andb;, are present, therefore we get=
ay @ by, butin level L2, no event results for variableas the event for variableis missing (‘2’ of
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figure 9.9). After we evaluate all the levels, the functiomebendent ordering() is constructed.
For example, in level 1, we creatg — ¢; andb; — c¢;. Futhermore, we also create — b, as
the next event for both; andb, is b,. The final pomset representation for the interaction is show
in ‘3’ of figure 9.9.

Given this representation, we can analyze the synchroreowglhas asynchronous representation
of the behavior. Recall that the synchronous representsitiows the levelling details of the events,
whereas the asynchronous representation shows the ‘peaeth” view. We can construgt}
(asap-synchronous view) as well 85 — exact (exactly-asap view) for the behavior. Assuming
that the synchronous behaviat?) is singleton, and its coincides with its asynchronous biena
(L] — exact), then this behavior is endochronous (by theorem 14).

9.4 Multi-threading Example

In this section, we explore a different kind of example wheeeconsider event sequences not as
results of actions on variables, but event sequences akrgymzation events of various threads
in a multi-threaded program. We show how the pomset basedrgeamodel can be helpful in
understanding the idea of endochrony for such programs.

-
——————

SCENARIO 1

2 SCENARIO 2
~-—-»= Synchronization

Figure 9.10: Multithreaded model

Consider a multithreaded program consisting of three diffethread#\, B andC synchronizing
with each other. In Scenario 1 of Figure 9.10, thréadynchronizes with threaB at three dif-
ferent points and with threa@ at one point during a single execution. The execution trdo® o
begins ati; where it synchronizes with point of threadB. The threads continue execution after
synchronization atd, b,), until they re-synchronize at{, b,) and then atds, b3). ThreadB after
synchronization ata3, b3) completes one execution and returns to its initial poirtiggin its next
round of execution. Threa#l continues and further synchronizes with thr&dt point @, c2),
after which it completes and loops back. The point to note el ag the distinction between the
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Figure 9.11: Pomset representation of Scenario 1

two scenarios is that thre&lbegin execution at point;, which is not synchronized with either of
the threads. In Scenario 2, thre@® beginning is synchronized with poing of threadA, which
in turn with b5 of threadB.

The pomset representation for the multithreaded model eh&ao 1 is shown in Figure 9.11.
The pomset events such @s a-, a3 anda, correspond to the synchronization points of thréad
and similarly the other events correspond to thrBaehdC. The synchronization of the different
threads dictate scheduling relations.

Consider the event, the only ordering captured by the pomset is the causalaalat < c,. This

is because in Scenario 1, thread C does not synchronize mytlofathe other thread at poimt.
Therefore, no scheduling relations are captured by the pbriwever, the thread synchronizes
with A at point @4, o). Therefore, the scheduling relatien < a4 is also added to the pomset.
But this does not restriet, as it can concurrently execute with any event preceding herefore,
l(c;) =1, 2 or 3 and the pomset has multigle levelling functions.

Figure 9.12: Pomset representation of Scenario 2

Consider Scenario 2, where thre@d synchronizes with thread A at pointss;(c;) and @y, ¢2).
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This restricts the concurrent execution of thread C. In theesponding pomset shown in Fig-
ure 9.12, an additional scheduling relation< ¢; will be inserted, which restriat; to the same
schedule ags;. Therefore, Scenario 2, function set is a singleton. This means that the multi-
threaded program in this scenario is endochronous, and thexr unique way of scheduling the
threads as far as the synchronization events are concefimeglof course, makes verification of
properties of the program a bit easier.



Chapter 10

Conclusion and Future Work

This dissertation focuses on various timing related issndbhe context of composition of IPs.
Composition of IPs necessitates a refinement based design litoauch a design flow, a syn-
chronous model [135] of the system can be built where alromenect latencies are assumed to
be negligible. This follows from the synchrony hypothesied in clock-synchronous hardware
design, where, computation and communication latenciesegligible. From this synchronous
model, necessary refinements are made to the design to t&eddesign latency insensitive (LI).
The correctness criteria is that the LI desigriddtency equivalento the synchronous design. Two
signals are said to be latency equivalent if the sequencalaf or informativeevents on the two
signals are identical. In other words, if an observer oleetiie order of events on two signals,
while discounting ‘empty’ events, the two signals will lottke same. Since processes can be
thought of as consumer and producer of events on signalsatime notion can be extended to
systems. Two system models are latency equivalent if thepuis are latency equivalent given
both are subjected to the same (or latency equivalent) sgquences.

Although, a number of protocols, including latency inséwsiprotocols (LIPs) have been pub-
lished in the literature, no formal framework had been @édb validate these protocols. The
reason why one needs a framework where variants of thesecpistcan be quickly validated
either through simulation or through model checking is d®Ws: These protocols are going
through a continuing evolution phase. For example, [74mafits to optimize and improve the
protocols described in [71, 68, 69, 70] to obtain a more effitend simpler protocol circuitry.
Although [70] offers a mathematical proof of correctnesgheir version of LIPs, when optimiza-
tions or extensions are made in the subsequent works, ndaunsal proof is usually offered. Due
to the subtleties involved in the optimizations, it is plitales that the newly invented LIPs have
serious flaws. We have experienced this in our attempts tomgat Carloni’s protocol [68, 69]. As

a result, we felt that there is a need for a framework whersgtipeotocols can be quickly modeled
and validated. In order to formally verify such protocolsg LI system as well as the synchronous
idealization have to be modeled formally, and the latenayvedence has to be captured as a for-
mal property. The best way is to provide designers with ay easise framework to model and

154
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validate their protocols. In this thesis, we provide a \atiioin framework for families of latency
insensitive protocols. We present validation techniquesfeameworks for ensuring correctness
of latency insensitive designs [206, 207, 214]. In the frawor, we model the latency insensi-
tive system along with its synchronous idealization and/pi@the same input signals to both the
systems. These input signals can also be latency equivaldrd corresponding outputs of the
two systems are then checked to be latency equivalent. éruntire, we have used our validation
framework to verify protocols developed in the industryaétic controllers). We also present two
new latency insensitive protocols: relay-station basexdqgaol and bridge based protocol. Our
relay station based protocol is a simplified version of thginal protocol proposed in [70]. Such
types of protocols involve partitioning of long intercomteg In such approaches, the relay stations
are required to be placed at strategic points to ensurehibaignal propagation of each wire seg-
ment is less than the clock period. This requires multipec@land route iterations. Our bridge
based approach replaces these relay stations with aditiares, hence this reduces the number
of such place and route iterations.

The proposed LIP approaches require prior knowledge ofdtenty on the long interconnects.
However, such information on the long interconnects anchtiraber of cycles required for data
to communicate through them cannot be known until after thal fayout of the design. A so-
lution to such a problem is to enable handshaking betweechsgnous IP blocks. This is the
design idealogy of globally asynchronous locally syncloxsdesigns (GALS). However, there is
a lack of tools and design methodologies to facilitate GAESiIgns. In most cases, GALS designs
are constructed using ad hoc methods, where synchronoysoo@mts are encapsulated with some
wrapper logic and communication is either handshake-divéounded FIFOs are used. Absence
of validation tools for such designs make it difficult to eresaorrectness. We present a trace-based
formal framework that helps in establishing the criteriadorrect-by-construction transformation
to GALS from a synchronous design. We establish “singlésaibn” property, and theoretically
show that a system with such a property can be transformecdtoract-by-construction GALS
using a barrier synchronization protocol. We also pres@argesponding barrier synchronization
protocol for GALS design. So now a designer can create desagd verify them using avail-
able designs tools, and using the protocol presented, sigrdethat possess “single-activation”
in our framework can be transformed to GALS. These designddMoe correct by construction,
and hence would not require GALS validation tools. We alsssent a formal refinement based
framework which takes us from a kahn process network (KPMgigipation towards a GALS im-
plementation. We consider four different GALS architeesjrand provide the formal definitions
for each of these. The architectures we consider involfereifit communication protocols. In the
handshake-based architectutbe communication between processes occur based on vegiikn
four-phase handshake protocol, whereas iffithébased architecturghe communication protocol
borrows ideas from latency insensitive protocols with aifiterface connecting the processes run-
ning on different clocks. Theontroller-based architectureonsists of a centralized controller that
governs the execution of the processes. Finally, we haviettk@ip-based architectuthat avoids
the signaling based protocols, and the communication hepipased on fast data accesses from a
lookup storage which is located on-chip. The architectwegresent, consist of processes that
are continuous and monotonic, and are also correct-bytzmti®n. We show this by transforming
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the processes into deterministic (I/O) automata, sincg lilage been shown to be continuous and
monotonic [156]. Our assumption of starting with KPN prasssthat execute when all inputs
are present and produce output to all output signals, ensiogence of artificial deadlocks. The
formalization presented is also necessary to prove theecimess as well as for unambiguously
presenting our protocols for GALS realization. We show lveral equivalence of the KPN and
the refined architecture by ensuring that the behaviors tf &ie latency equivalent.

In context of polychrony, we present a new semantic modelrtbaonly provides intuitive char-
acterization of determinacy, and endochrony, but alsosh&lpanalyzing the synchronous and
asynchronous interpretation of the same program in a smegleesentation. The existing model
of polychrony uses a tag-based representation that makestasnous interpretation of programs
unduly complicated, resulting in difficult to understan@adhies for characterizing polychronous
programs, such as characterization of endochronous pnegié2, 41, 122]. In this paper, we
bring forth the pomset based semantic model which is ineifior engineers while it removes the
need for a tagged-signal model.

Future Work

There are several opportunities for improvement on the woekented in this dissertation. With
respect to the along interconnect problems, several LIPs haen proposed (as discussed in the
thesis), however, estimation of the interconnect latencaénot be made until the final layout of
the design. Secondly, lack of verification frameworks makelifficult to ensure correctness of
such protocols. We have presented such a framework in tegsth Application of such frame-
works is needed in different domains to ensure correctnidsks.

As discussed earlier, lack of design tools for GALS is fogcthe designers to think in terms of
fully synchronous designs. If GALS designs are created, &ne done in an ad hoc manner, which
may be prone to deadlocks or incorrect protocols. Therefbesign frameworks and tools are
needed for GALS which will provide a complete framework utihg modeling, verfication, and
synthesis capabilities. Furthermore, efficient impleragoh components need to be developed
for the GALS protocols presented in this thesis, to allovegnation of IPs. Other asynchronous
communication protocols can also be employed for their camaoation.

On our work pomset-based semantics for Polychrony, we stmwtb analyze multi-clock be-
haviors of Polychronous programs using pomsets. Futur& imgolves completion of the design
framework that includes a tool facilitating modeling of @gss, analyzing hardware as well as soft-
ware aspects of the design, simulation, verification andempntation of designs. The tool should
be capable of generation code for software as well as haedpaat of the embedded design.
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