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Abstract

When modeling in multiple languages it is useful to define the interface to a module in a separate Interface Definition Language. Simple scripts then generate port lists for Verilog and C models.  This paper describes how we built on an earlier IDL to add transaction level assertions and test points that describe the patterns of behavior that are legal across various interfaces -- these properties are then mapped into various models, including assertions in Verilog and C. Having defined assertions at this level of abstraction we are able to reuse them as we explore different structures and configurations of a design.
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Introduction
Assertions in an ASIC design flow are often seen as a tool aimed at verification engineers and, more recently, designers. As a typical example, Stuart Sutherland [2] recommends creating a test plan by dividing assertions into two classes – those written by designers, and those written by verification engineers – and describes the distinct characteristics of these two categories. In this paper I aim to explore a third category – assertions written by architects – and show how such assertions can be used in an ASIC design flow.
The role of architecture is to define the structure and behavior of the design. This definition will be expressed in a variety of models, including executable models and human-oriented explanations [3]. In this paper I will focus mainly on the executable specification from which both designers and verifiers will work to create the final design.

An executable specification can take a number of forms:
· An “Untimed Functional” (UTF) model that defines the behavior of the design from the perspective of its transactions. These models are typically written in a language such as SystemC.
· A “Performance” model that defines the behavior of the design from the perspective of queuing effects: latency, bandwidth, and contention for resources.
· A “Structural” model that defines the physical organization of the design and the interfaces through which individual units communicate.
High level models of functionality and performance are used to express the architectural intent, and as the executable specification that drives the design process. However, they are not directly used as part of the design: instead they are manually translated into the design. The purpose of verification is then to ensure that this translation is correct.

Just as the design is not automatically derived from the high level models, verification is also not automatic. The role of the models is simply to act as golden reference against which the behavior of the design is automatically compared.

When a model is fed with the same transactions as the design, any assertions that are part of that model will be exercised. When we compare the behavior of the design to that of the model we therefore indirectly use those assertions as checks of the design but, because the connection is indirect, their strength as checks of the design is weaker than assertions placed directly in the RTL (or in testbench monitors). Furthermore, the assertions are not available to formal and semi-formal tools that we may wish to use in the flow.
Of the three models I described above, only the “structural” model is automatically translated to the design. Primitive structural models may define little more than the module hierarchy and port lists; but, as we have evolved our conception of this model, we have found ways to add test points and assertions that can be automatically translated to both the functional models and to the design itself. Using this flow, the assertions become visible to all the tools in the ASIC flow.

In addition to its technical role, the structural model plays an important role in the management of a project. It defines the units that will be independently designed and verified as the project progresses; and therefore the communication paths that will be needed both within the design itself, and within the team creating that design. The interfaces between units are the source of many assumptions that, if neglected, will later lead to problems that are identified only in fullchip testing. Triage and debug of such problems is vastly more difficult at the fullchip level than at unit level. For this reason it is common for verifiers to focus their attention on interfaces when conceiving assertions.

The Structural Model
Models are most useful when they can be grounded in the eventual implementation. By grounded, I mean that each feature in the model can be traced into the design in a manner that can be automatically verified. This is, in general, difficult to achieve. One of the benefits of a high level modeling language (library) such as SystemC is that the modeler is free to express ideas in a manner that is not directly tied to the implementation. Indeed, a goal of high level modeling is to minimize “implementation bias” [4]. But bias will often emerge when the modeler codes the model in a way that leads to efficient implementation on a traditional CPU. This bias exacerbates the problem of the mapping features of the model to features of the eventual design.
To avoid forcing high level models to tie themselves intimately to the design, we recast the “structural” model as the definition of the aspects of the design that we intend to be common across two or more representations. It is these points that we will use to ground the models. By fixing these points we explicitly provide freedom to modelers to model other aspects in any way they wish: including optimizations that bias the model away from the actual design.

Details of the structure may change over time, so we need to define these aspects in a way that allows our architecture to evolve without requiring us to rewrite them. At the same time, we wish the descriptions to be sufficiently detailed that we can make use of them as we transition from architecture into design and implementation. Consider the following pipeline:
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An analysis of this generic pipelined architecture may reveal commonality between modules:
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And ultimately lead to an architecture that utilizes the resources within the modules more efficiently:
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In this architecture, the set of transactions that accomplish the desired behavior may be unaffected by the structural reorganization. In fact, we may expect that the transactions that flow across the interface “be2cf” are simply the sum of those that flowed across the interfaces “b2c” and “e2f” in the original pipeline. If this is the case, then the structural and behavioral properties of those interfaces should be preserved by the transformation; and therefore any assertions on their properties should remain unchanged.
Interfaces Vs Architectural State as Common Basis
Similar behavior across multiple units is just one form of commonality that we may wish to exploit. From the perspective of the design flow, we are equally interested in commonalities between the various models because it is those points that we use to ground our verification processes.
We typically focus on two types of commonality: architectural state, and communication across interfaces. An example of the former would be the register set of a processor: a common verification strategy is to compare, after each instruction completes, the values of those registers in the design against the values predicted by an instruction set simulator. An example of commonality in communication would be to compare the values of the registers indirectly, by looking only at the transactions that update the values of the registers.

It might seem that comparing the values and comparing the update-transactions are simply two different ways of looking at the same thing. But in more complex scenarios we find that the two approaches each have distinct characters. For example, consider a cached memory design:

· The architectural state of the memory is simply the value associated with each address. But in the design, the values are split across the cache-ram and the main memory. So the actual value at a given address can be determined only by looking at an associated tag memory that tells you where the valid value resides.

· The transactions to main memory are a subset of those to the cache. This means that care must be taken to sample the correct transactions to compare against an architectural model. If the cache is hidden deep inside the design then the sampling of the transactions must occur deep within the design. So the interface to memory is not, in this case, a common point between the architecture and design.

In creating architectural assertions and test points it will therefore be important to establish how each interface (of the architectural models) is realized in the actual design. For the most part we take a pragmatic approach, and select an abstraction boundary between architecture and design that minimizes the difficulty of matching the transactions.
An Interface Description Language

Our realization of the structural model has evolved other time. Originally, it was the work of a single designer who got frustrated by the need, in Verilog, to define the port list of a module twice (in Verilog95 one must list the names of signals once in the module declaration statements; and then separately define each as either an input or output). So he wrote a simple script that generated the code from a simpler file format. From this humble beginning we have evolved a complex Interface Description Language (IDL) in which we define our structural model.
The detailed syntax of this language is not the subject of this paper, but in order to provide examples I will need to summarize its basic features. An understanding (and justification) of its current form requires an understanding of the evolutionary path that it has taken to get here. There’s nothing particularly surprising, but there are some important perspectives.
Abstraction of Control and Data

The language originally provided only the set of signals in an interface. It was quickly realized that some signals appear frequently across multiple interfaces. A simple example is the “valid” and “busy” control signals that are used to regulate the flow of data across the interface. At this point, the language could be summarized by the followed example:
interface i1

flow valid_busy

clock clk

field a 1

field b 7
Here, we define an interface (“i1”) that contains two data signals (“a” and “b” – where “b” is a vector of 7 bits). The language also contains the standard concept of data types: a feature not presented here). The interface transfers data on the positive edge of “clk” when “valid” is true, and “busy” is false. Over time we have realized that our designs require a surprisingly small number of “flow” protocols (currently around 12), so we have not found it necessary to enhance this aspect of the language further.
Data Structures

The structural properties of the interface are completed by two additional concepts: structures and unions. The interesting case is that of unions, described in the following example:

group b2c
field x 3

field y 4

group e2f

field z 7

interface be2cf

packet b2c, e2f
Here we define an interface that is a union of two “groups”. The physical data signals in the interface will be a 1 bit tag (to identify which group is used on a given cycle), and a 7 bit payload (the fields from either “b2c” or “e2f”).

The keyword “packet” indicates the original source of this concept in the language: the idea that the flow of information across the interfaces can be seen as a set of discrete transactions, each of a particular packet type. These independent transaction streams are an important structural property, and will maintain their identity when we consider both temporal properties and transaction-stream interactions
Transaction Assertions

On the shoulders of these purely structural concepts, we added a description of the behavior, over time, of the transactions that flow across the interface. This description takes the form of assertions:
group mem_request


field type 1


field address 24


assert “address not null” { address != 0 }

group mem_data


field data 32

interface client2mem


flow valid_busy


clock clk


packet mem_request, mem_data


assert “(only) write request needs data”
mem_data <-> past(
mem_request && mem_request.type == WRITE )
Scope of Assertions
The most obvious characteristic of a transaction level assertion is that it applies to transactions, not clock cycles. This means that, when reified in the cycle-domain of RTL, the two assertions in the previous section must be qualified by the conditions under which they are to be evaluated:

· The second assertion (on the interface) must be checked only when the control-signal “valid” is true.

· The first assertion (on the packet) must be checked only when both the control-signal “valid” is true, and the implicit packet-type tag indicates that the packet type is “mem_request”.
It is therefore apparent that defining assertions in an interface description language is more compact than specifying the same assertions using cycle-based SVA within a design.
Time Units of Temporal Operators
It is not only the assertions that are constrained by identity of the transaction. Temporal expressions are similarly constrained to the transaction scope. This means that temporal operations within a packet apply only to the stream of transactions of that particular packet type. So the semantics of that stream are preserved irrespective of how it is multiplexed into the total set of transactions that flow across an interface.

 In terms of SVA we might view this in terms of the sampling event:

event c2m_evt; // transaction sampling event
always @(posedge clk)

if (c2m_valid && ! c2m_busy)

-> c2m_evt;

propery c2m_write_data @(c2m_evt)
c2m_type == MEM_DATA |=> past(…);

assert property (c2m_write_data);

This style, using a derived sampling event, makes the concept obvious but is unfortunately not supported by various formal and semiformal verification tools. Our code generation tools therefore generate a less elegant, but more portable, style of temporal expression that used explicit chains of delay-flops and mapped to an OVL-style (5) assertions library.
For the “valid-busy” protocol, we require a data-hold property while “busy” is asserted. That is, once a producer has asserted “valid”, and driven the payload data, then the signals must remain constant until “busy” is de-asserted. For correct semantics of temporal operations, the sampling event must be the qualified “valid and not busy”. But if we assert the property only for the sampling event then the semi-formal tool is unable in correctly constrain the payload until many cycles after it commits to the data-hold property. The assertion must hold for the entire period of “valid”, but the temporal operator must be clocked only by the sampling event. This is possible in SVA, but more efficient in a language that explicitly understands the intent of the protocol
A More Complete Example
This section presents an example that demonstrates the expressive power that comes from raising the abstraction from cycles to transactions. Along the way, I introduce a few other constructs that further simplify the definition of properties.
By focusing on an interface definition language we explicitly favor comparison of transactions over architectural state. But sometimes it is desired to define properties in terms of state. Temporal operations on a transaction stream allow us to view the cumulative affect of a set of transactions. As a toy example, we’ll check that specific shapes are drawn onto a simple raster memory.

The interface to memory will be defined by two streams of transactions: requests to modify memory, and synchronization transactions that assert the shape of the current content. When the synchronization packet is seen we will assert that the cumulative affect of the writes to memory should result in the shape indicated in that packet.
group mem_write

  field address 16

  field data 1

group sync

  field shape 1 { enum CIRCLE, SQUARE }

  field radius 3
interface mem_req

  clock mem_clk

  flow valid_busy

  packet mem_write, sync

First, we add a temporal expression to derive the state of the memory. The 16 bit address is to be interpreted as a 16x16 x-y coordinate:
group_more mem_write

  assign mem[x=0..15][y=0..15] =
    past( data :sample(address=={x,y}) )

This statement defines a two-dimensional “variable” whose value is the previous value of the data signal as sampled by the “address” of each array-element’s indices. The use of named dimensions allows use to refer to an element’s indices within the expression that defines the value of each element.

We next define predicates that look for specific data patterns. The syntax uses an array notation, but actually defines a function – exploiting the equivalence of these concepts to keep the language simple:

group_more mem_write
  assign is_square[r=0..7] = "&&"(

      [ x = -8..7 ][ y = -8..7 ]

      mem[x+8][y+8] == ( -r <= x < r && -r <= y < r ))
  assign is_circle[r=0..7] = "&&"(

      [ x = -8..7 ][ y = -8..7 ]

      mem[x+8][y+8] == ( x*x + y*y <= r*r ) )

These predicates use two new syntaxes: reduction operators and lambda expressions. The reduction operator (“&&”) simply generalizes the underlying “and” operation to an arbitrary number of operands. The lambda expressions allow us to express that list of operands as an expression that is evaluated over a range of values.
Finally, the assertion itself:
interface_more mem_req

  assert “correct sync shape”
    sync => "&&"(
      sync.shape == CIRCLE =>
              mem_write.is_circle[sync.radius],
      sync.shape == SQUARE =>
              mem_write.is_square[sync.radius])
This example shows powerful concepts expressed in a concise manner using transaction level assertions. Although much of the power comes from the reduction operators and lambda expressions, most of the simplicity is a result of using an abstraction level that ignores the cycle level behavior and concentrates entirely on the transactions themselves.
Transaction Stream Interactions

Having looked at the description of transactions flowing across an isolated interface, we next explored ways of defining how these streams interact. The goal is simply to define end-to-end properties across a unit in terms of transaction identities. For example, we want to be able to assert that every request into a unit has an associated reply, even when there is not a 1:1 correspondence between the set of ports on which the request is received, and the set of ports on which the reply is sent.

The study of these interactions lies in the general category of Process Calculus [6, 7]. Unfortunately, even simple academic treatments of this subject tend to look math-heavy, so we need to find a representation that is simple and intuitive for that majority of engineers who are not well versed in theoretical computer science. Software engineers often use UML Activity Diagrams [8] to represent the interactions of transactions, but we desired a simple textual notation for the basic operations.

The set of things we want to describe can be summarized as:
· When a module receives a request it can delegate that request to one or more other modules. If it sends N requests, then it will expect N replies

· When a module receives multiple requests (on different interfaces), it may choose to process them in any order.
· If a module has a need that can be serviced by one of many modules, it may choose which one to send it to.

· A module may decide that no further processing is needed for a transaction (it might “eat” it).

These behaviors are made explicit in the following table of operators:
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A simple example:
module MemorySystem

    in mem_req request

    out mem_ack reply

    assert request -> reply

This is obviously a trivial example. A more complex example is to split the module into an arbiter that serializes requests from multiple ports and the actual memory that then handles the requests one at a time:

module arbiter

    in mem_req request[4]

    out mem_req arb_out
    assert "|"([client=0..3] request[client]) -> arb_out
These examples work for a hand-waving description, but are insufficient to explain exactly what transaction should appear, when. We need to add the concepts of in-order and out-of-order propagation; and to do this we must add the ability to identify transactions across multiple interfaces.
Equivalence Classes
When a transaction appears on multiple interfaces in a design, its identity may be encoded in a different manner for each interface. For example, we might use a numeric identifier for one interface, and a one-hot bitmask for another:
interface mem_req

    field source_client_id 2

    ...

interface mem_ack

    field dest_client_mask 4

    assert one_hot(dest_client_mask)

    ...

If we are to refer to these transactions in a generic way then it is necessary to define a normalization function for each transaction:

module memory
    equiv client_id 2

    in mem_req arb_out

        map client_id = arb_out.source_id

    out mem_ack reply[N=4]

        map client_id = N

    assert [id=0..3] :enable(client_id==id)

        arb_out -> reply[id]

We can then use this equivalence identity to express exactly how we require transactions to be ordered:
assert :in_order(client_id) req -> reply

This assertion requires that every request with a given identity must propagate to a reply that has an equivalent identity; and that the order in which the identities are seen on both interfaces must match. In some cases the interface does not, itself, have a transaction identifier: but we can derive the identity from the in-order property (if we assume that the transactions follow an in-order rule, then the identity of an unknown transaction can be derived from a known identity on the peer interface in the interaction).
We sometimes wish to be less restrictive then a pure in-order property. We may require that the same set of identities is seen on both interfaces, but that we do not care in what order:

assert :out_of_order(client_id) req -> ack

This “out of order” assertion is equivalent to defining a set of independent threads. Indeed, if we are able to map transaction identity onto “thread” and “packet” identities then we can combine the concepts of in-order and out-of-order assertions to define multiple (independent) streams of in-order transactions:

assert :out_of_order(thread_id)

       :in_order(packet_id)

   req -> ack

 Eating Transactions


Our original conception of interaction assertions included the idea that a module might “eat” a transaction; or might spontaneously generate a transaction (e.g. in response to an internal timer). However, when we attempted to use this concept to create assertions, the assertions were seen to be overly weak:

assert req -> ack | null
This says that every “ack” must be preceded by a “req”, but that not every “req” requires an “ack”. It does not, however, tell us which requests do not need to be acknowledged. Whenever the assertion engine sees a mismatch it would simply assume that the request was dropped, and wait for the next. At the end of the simulation we would see unmatched “ack” transactions, but would not know which request was incorrectly dropped.
Proper verification of transaction interactions is very interested in which transactions should be dropped because we want to test the various corner cases surrounding this behavior. So instead of a generic “null” transaction, we added explicit internal “monitor” points to the structural model: these act in much the same way as inputs and outputs, except that they don’t form part of the connectivity netlist:

Module filter

    equiv pkt_id

    input in

    output out

    monitor drop

    assert :in_order(pkt_id)

        in -> out | drop

By adding these internal monitors to the structural model we forced the models to consider when a packet should be dropped. Unfortunately, this isn’t always possible: some events are inherently unpredictable. 
Non-Deterministic Behaviors

Sometimes the decision to drop a packet is based on exact cycle-dependent behavior. If multiple clock domains are involved then the decision may be theoretically impossible to predict because clock synchronization ultimately falls into the realm of quantum physics.

Fortunately, the addition of explicit “monitor” points to the structural model provides a clean mechanism [9] by which the fact of an unpredictable event can be defined. If we define the monitors of unpredictable transactions as inputs of the SystemC model, then the consequent behavior can be predicted. The mechanism can be used both for truly unpredictable events; and for scenarios where we choose to not create a sufficiently precise model for accurate prediction.
Of course, behavior that is unpredictable is unverifiable by means of comparison against the golden model so additional assertions, within both the RTL and the model, will be needed to ensure that the monitored behavior is legal. Additionally, when the functional model is validated (in isolation from the RTL) we should model the “unpredictable” input as a (constrained) random number generator.
Dependency Inversion: Protocols
Transaction interaction assertions are useful concepts, but become brittle if used directly to describe the relationships between ports on a module. If we are to be able to reorganize the model then a mechanism is needed to allow the invariant behavior to be expressed independently of the modules themselves. For this, we introduced an explicit “protocol” statement into the language to describe transaction behaviors independently of the module that implements that behavior. In its simplest form this looks like:
protocol req_ack

  port req

  port ack

  assert req->ack

module memory

  in req

  out ack
  implements req_ack

module client

  out req

  in ack

  implements req_ack

The “protocol” definition acts to invert the dependency relation between the module ports and the assertion. Without it, the assertion is defined in terms of the module’s ports, and so is dependent upon them. Using the indirection mechanism of the protocol, the assertion is based on an abstract concept of a module’s ports, and so is invariant across a variety of changes to the actual module ports.

When we first made this concept explicit, it didn’t appear to be useful beyond its core theoretical rationale. Users found that it added syntax but that it didn’t appear to offer any significant simplicity. The question was whether it was worth the cost. However, once we tied the concept to our performance models, then we realized that the protocol was the ideal place to attach performance guarantees (such as req-ack latency) that a unit could rely on for the units it interacted with. Once used in this way, we no longer needed to appeal to theoretical computer-science to justify it.
Discussion and Conclusion
A structural model plays a pivotal role in tying together the RTL design and the various architectural models of the chip. Although initially conceived as a model of the physical structure, it is becoming increasingly important to think in terms of the transaction structure of the behavior. Our particular language evolved with this shifting perspective.
We began simply by describing the physical ports of the modules to avoid redundancy in the RTL coding. From there we progressed to separate the control ports from the payload, and quickly abstracted away the cycle-level control protocols of the interfaces. Having evolved a language that defines transactions, we were then able to augment it with assertions that define higher level behaviors of the interfaces, and hence to define the general shape of interactions across multiple interfaces. Our current formulation allows us to abstract the transaction-level control protocols, and remains a work in progress.

In describing the evolution of the language, I have found it useful to provide examples of a specific syntax. This syntax definition should not be seen as the goal of this paper – indeed, I have taken some “artistic license” to simplify away some of the stranger artifacts that have resulted from our evolutionary path.

The message I do wish to convey is the description of the semantics. These semantics allow us to design detailed behavior of the chip using an ESL abstraction. It is necessary to define properties that are independent of the underlying cycle-based behavior; and it is necessary to define them in a way that can be applied equally to both the RTL and the architectural models.
While the architectural models define the detailed behavior of the modules, the structural model defines the framework onto which these details are attached. It is necessary to keep the semantics of the structural model simple, and the representation concise, because the abstraction must anchor a rich panoply of descriptions of the intended specification including, most importantly, communication between humans.
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