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Abstract
In the absence of a single module interface standard, in-

tegration of pre-designed modules in System-on-Chip de-
sign often requires the use of protocol converters. Existing
approaches to automatic synthesis of protocol converters
mostly lack formal foundations and either employ abstrac-
tions that ignore crucial low level behaviors, or grossly sim-
plify the structure of the protocols considered. We present
a state-machine based formal model for bus based commu-
nication protocols, and precisely define protocol compati-
bility, and correct protocol conversion. Our model is ex-
pressive enough to capture features of commercial proto-
cols such as bursts, pipelined transfers, wait state insertion,
and data persistence, in cycle accurate detail. We show that
the most general, correct converter for a pair of protocols,
can be described as the greatest fixed point of a function for
updating buffer states. This characterization yields a natu-
ral algorithm for automatic synthesis of a provably correct
converter by iterative computation of the fixed point. We re-
port our experience with automatic converter synthesis be-
tween widely used commercial bus protocols, such as AMBA
AHB, ASB, APB, and OCP, considering features which are
beyond the scope of current techniques.

1. Introduction
Hardware module reuse is a standard solution to deal

with the increasing complexity of chip architectures and
growing pressure to reduce time to market. Much research
has been dedicated to the converter synthesis problem of
SoC communication - the synthesis of converters to me-
diate between incompatible protocols. Practical converter
synthesis algorithms are crucial to realizing the dream of
“plug-n-play” style SoC design. Despite attempts at au-
tomation, converter synthesis is still performed manually,
consuming development and verification time and risking
human error.

A comprehensive research effort toward correct con-
verter synthesis must precisely answer three questions: (a)
What is a protocol? (b) When are two protocols compati-
ble? and (c) What is a correct converter for a pair of incom-
patible protocols? A precise protocol definition is required
to gauge the practical utility of the model. An answer to the
second question must define protocol compatibility and pro-
vide an algorithm to check it. A definition of converter cor-

rectness leads to algorithms for converter verification and
provably correct converter synthesis. Precise definitions of
this form are largely absent in the literature, so existing al-
gorithms cannot be checked for correctness and thus do not
provide the high quality guarantee required in electronic de-
sign. Finally, existing approaches fail to model protocols
accurately, or employ high levels of abstractions that make
automatic translation to HDL (Hardware Description Lan-
guages) impossible.

Our work is aimed at automatic synthesis of a provably
correct protocol converter. We present a simple and pow-
erful FSM based formal model for on-chip communication
protocols, that enables for the first time detailed modeling
of complex commercial bus protocols. We propose compre-
hensive definitions of protocol compatibility and of correct
protocol converters, and derive algorithms for compatibility
checking as well as converter synthesis. We report on our
experiments with different commercial protocols.

1.1. Related Work

The problem of automatic converter synthesis for incom-
patible protocols has been addressed in the literature from
different perspectives. We focus on work done in the con-
text of hardware design using FSM-based models.

In early work [2], protocols were represented as state
machines and their cross product was used to construct a
converter. This work was highly innovative but preliminary.
This approach was later extended in [3,6,7] and is the foun-
dation of our work. In [6,7] a formalism for modeling proto-
cols using synchronous FSMs and an algorithm for wrapper
synthesis are proposed. It distinguishes between control and
data signals, and methods for dealing with mismatched data
types and clock periods are suggested but not integrated into
the given algorithm. In [3], a product of FSMs is again
used to construct protocol converters, and the product is op-
timized to increase bandwidth. An alternative to converter
synthesis is to use a standard communication scheme and
to map disparate protocols into this scheme, as presented
in [12] and in [8]. Such template-based solutions are not
specific to the protocols being interfaced and hence, not op-
timal, and in some cases might not be practical. A third
approach is to decompose protocols into smaller operations
and combine operations to obtain a converter, as presented
in [9] and recently in [13]. Passerone et al. [11] specify
mismatched synchronous protocols as regular expressions
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and in later work [10] attempted a game theory formaliza-
tion. No algorithm is presented, so it is unclear how the
technique can be applied to arbitrary protocols.

All approaches discussed above either model protocols
at a high level of abstraction, or with several simplifying
restrictions, and thus, preclude completely automatic syn-
thesis. No existing work distinguishes between control
and data paths, thus the obtained converter is usually large
and impractical. Our formalism allows for precise, cycle-
accurate modeling of protocols and converters with distinct
control and data paths. We faithfully model complicated
commercial protocols, and converters can easily (even au-
tomatically) be translated into HDL.

In most existing work, the definition of protocol compat-
ibility is neglected or incorrectly assumed to be trivial, and
protocol conversion is discussed without considering when
such a converter is needed, or even what criteria a correct
converter should satisfy. We define protocol compatibility
as constraints to ensure continuous and correct data transfer
between two protocols, and formalize correct protocol con-
version based on this notion. Relying on the definitions and
formalism, we propose algorithms for checking compatibil-
ity and for automatic synthesis of protocol converters.

1.2. Original Contribution and Overview

Our contributions are concerned with the three questions
stated in the introduction about protocols, protocol compat-
ibility, converter correctness.

1. Protocols: We introduce a formal, FSM based model
for SoC bus protocols. It is the first to distinguish be-
tween and capture interaction of the control and data
path as in pipelining, burst transfers and data persis-
tence. We can express low level details such as sensi-
tivity to different clock edges and protocols involving
different, phase aligned clocks.

2. Protocol Compatibility: We provide a precise defi-
nition of protocol compatibility, which takes into ac-
count the level of complexity permitted by the model
and describe an algorithm for checking compatibility.

3. Converter Correctness: Converters and converter
correctness are defined, similar to protocols and pro-
tocol compatibility. We show that the most general,
correct converter is the greatest fixed point of an up-
date function of conditions on buffer states. This yields
a natural algorithm for synthesis of the most general
converter by iterative computation of the fixed point.

The features of our model allow us to synthesize con-
verters for protocols, which are beyond the scope of exist-
ing techniques. Aspects such as the control and data path
separation lead to exponentially smaller converter FSMs as
compared to existing methods.

2. Formal Definitions

2.1. Protocol Model

We model protocols as synchronous finite state machines
with bounded counters, that communicate using channels.

Channels are of two types: control and data. For an in-
put control channel, a protocol can test for the presence or
absence of a signal value, denoted c? and c# respectively.
These tests act as guards of transitions and a transition is
enabled only when all of its guards are satisfied. For an out-
put control channel, a protocol can write to (or assert) the
channel, denoted c!. A protocol can also read values from
or write values to a data channel d, denoted d? and d! re-
spectively. A channel action is a read, a write or a value test
on a channel. Let AΣ denote the set of possible actions on
a set of channels Σ and Tau denote an empty action.

Let kd be a bounded counter associated with a data chan-
nel d and K be a set of such counters. The set of counter
actions AK = {reset(k), k++, k = v|k ∈ K, v ∈ N} are a
reset, increment, or test for equality with a natural number.
We write d!++, and d!reset, as a short hand for d! followed
by kd++ and d! followed by reset(kd). A similar notation
is used for read actions.

Commercial bus protocols support burst operations, in
which a number of continuous memory locations are either
written to or read from. It is also a common requirement
that a data item put on the bus must remain valid for more
than one clock cycle. Existing methods for modeling proto-
cols are not expressive enough to such notions of data repe-
tition and persistence. We use bounded counters to model
such data path behavior and to separate the data and con-
trol paths in a protocol or converter. The counter value is
changed when new data is written to or read from the as-
sociated channel. Explicitly representing counter values
would result in large FSMs, which we avoid.

We require that the number of increment actions preced-
ing a reset is a priori bounded to guarantee that counter val-
ues are bounded. Transfers of unbounded length are mod-
eled by resetting the counter with every data transfer, so that
counter values do not represent the number of data transfers
but allow for a distinction between different data items.

Definition 1 (Protocol) A protocol P is an FSM with
bounded counters (QP , CP , DP ,KP ,→P , qs, qf ), where
QP is the set of states, CP = CI

P ∪ CO
P is a set of input

and output control channels, DP = DI
P ∪DO

P is a set of in-
put and output data channels, KP = {kd|d ∈ DP } is a set
of bounded counters, qs is the initial state and qf is the final
state. Let AP = ACP

∪ ADP
∪ AKP

be the set of actions
on the control channels (ACP

), data channels (ADP
) and

counters (AKP
) and P(AP ) denote the power set of AP .

The transition relation is →P⊆ QP × P(AP ) × QP . All
sets and relations above are finite.

We drop the subscripts in the sets above when the context
is clear. A transition (q, S, q′) is denoted q

S
−→ q′. For a

set of actions S, let control(S), data(S) and counters(S)
respectively denote the control channels, data channels and
counters occurring in S.
2.1.1. Protocol Examples We now show how to model
two common commercial protocols, the AMBA APB slave
and AMBA ASB bus to slave protocols, in this setting. Due



to space limitations we only model “write” transfers in Fig-
ure 1, but “read” transfers can be modeled in a similar way.

The AMBA ASP protocol specification involves both
falling and rising clock edges. The ASB bus initiates a
transfer with a slave by asserting the control channel DSEL
before a falling clock edge. If BWRITE is asserted simulta-
neously (as in the transition from state 0 to 2 in Figure 1),
the transfer is a write. The slave either reads the data written
to the bus or responds by inserting a wait or error state or
indicates that a memory boundary has been reached (tran-
sitions from state 2 in Figure 1). Additional transfers are
pipelined by asserting DSEL (transition from state 4 to 2).

The AMBA APB specification only involves the rising
clock edge. An APB slave is idle (states 0, 1 in Figure 1)
until it is selected by assertion of PSEL (the transition from
state 1 to 2). If PSEL and PWRITE are asserted, a WRITE
transaction begins. In a WRITE transaction the slave may
read the address and data in either the first or the second
clock cycle (transitions from state 1 to state 2 and state 3 to
state 0 in Figure 1). The model of the APB considers both
the rising and falling edges of the clock to enable compar-
ison with the ASB model. The falling edge transitions are
labelled with Tau. Detailed descriptions of both protocols
are available at [4].
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Figure 1. AMBA protocol models

2.2. Parallel Composition

We are interested in the behavior of protocols executing
concurrently, which is described by the parallel composi-
tion of the protocols. We define a binary predicate may to
identify transitions in two protocols that may occur simul-
taneously during concurrent execution.

Definition 2 (may) The predicate may(S1, S2) is true for
two sets of actions S1, S2 iff ∀c ∈ control(S1 ∪ S2):

if c? ∈ S1, then c! ∈ S2, if c# ∈ S1, then c! /∈ S2,
if c? ∈ S2, then c! ∈ S1, if c# ∈ S2, then c! /∈ S1.

Note that the definition relates only to control channels.
The predicate may(S1, S2) is true for two sets of actions S1

and S2 if their guards (checks on control input channels) are

satisfied. Thus two transitions labelled with these actions
may occur concurrently in the composition of the protocols.

Definition 3 (Parallel Composition (PC)) The parallel
composition of two protocols P1 = (Q1, C1, D1,K1,→1

, q1s, q1f ) and P2 = (Q2, C2, D2,K2,→2, q2s, q2f )
is a finite state machine with bounded counters,
P1‖P2 = (Q1 × Q2, C1 ∪ C2, D1 ∪ D2,K1 ∪ K2,→

, (q1s, q2s), (q1f , q2f )), where (q1, q2)
S

−→ (q1′, q2′) is

a transition of P1‖P2 iff q1
S1−→1 q1′, and q2

S2−→2 q2′,
S =S1∪S2, and may(S1, S2) is true.

PC describes all possible concurrent states of two pro-
tocols, subject to control compatibility, assured by may. It
includes all pairs of transitions that might be taken when the
two protocols communicate with each other. For two proto-
cols that do not share a channel naming convention, chan-
nel mapping information is needed in order to compute the
parallel composition. The parallel composition of AMBA
ASB and APB models from Figure 1, under a mapping of
the channels {DSEL 7→ PSEL, BWRITE 7→ PWRITE, BA 7→
PADDR, BD 7→ PWDATA}, is illustrated in Figure 2, show-
ing only reachable states.

Tau

Tau

DSEL!, WRITE!, 
BA!++, BSIZE!

0,0

1,12,1

Figure 2. The parallel composition ASB‖APB

3. Protocol Compatibility
In this section, we address the question: Given two pro-

tocols, are they compatible? Protocol compatibility is de-
fined in terms of the following constraints for ensuring cor-
rect data flow:

1. Data is read only when written.
2. A data item is read as distinct exactly once.
3. No deadlocks occur and livelocks can be avoided.
The first requirement ensures that data, which is read by

one protocol, is guaranteed to be valid by the other proto-
col. The second requirement ensures that if a data item is
on the bus for more than one cycle, the protocols are aware
that it is the same item, though it may be read multiple
times. The third condition ensures that every transaction
progresses and can terminate in a finite number of steps.
Note that to guarantee absence of livelocks, we would have
to include fairness constraints in the protocol specifications,
which is beyond the scope of this work.

We introduce a few definitions required to formally de-
fine protocol compatibility. For conciseness, we assume
there are two protocols P1 and P2, sharing a data channel
written to by P1 and read from by P2.

Definition 4 (Path) A path π in a protocol P is a sequence
of transitions π = q0

S1−→ q1 . . .
Sk−→ qk such that for 0 ≤

i < k, qi

Si+1

−→ qi+1 is a transition in P . Let



1. |π| denote the number of transitions in π, also referred
to as the length of π.

2. New(π, d) = {i ∈ N | 0 < i ≤ |π| and reset(kd) ∈
Si or kd++∈ Si} be the set of indices of transitions in
π in which new data is accessed on channel d.

3. For an action S on a transition in P1‖P2, S � P1 be the
actions of P1 in S.

4. For a path π = (q10, q20)
S1−→ . . .

Sk−→ (q1k, q2k) in
P1‖P2, where q1j ,∈ P1 and q2j ∈ P2, the projection

of π on P1, π � P1 = q10

S1 � P1
−→ q11 . . .

Sk � P1
−→ q1k.

The projection π � P2 is similarly defined.
5. The path π is loop-free iff for all 0 ≤ i < k and i <

j ≤ k, qi 6= qj .

6. The path π is a simple cycle iff q0

S1−→ q1 . . . qk−1 is a
loop-free path and q0 = qk.

Let Paths(P, qj , qk) denote the (possibly infinite) set of
paths in P from state qj to state qk. We define compatibility
of two protocols P1 and P2 in terms of constraints over the
paths between the initial and final state in P1‖P2.

Definition 5 (Compatibility) Two protocols P1 and P2 are
compatible iff:

1. Paths(P1‖P2, (q1s, q2s), (q1f , q2f )) 6= ∅.
2. For any path π from initial to final state of P1‖P2,

it holds that:
(a) for every transition label S, d?∈S⇒d!∈S.
(b) |New(π � P1, d)| = |New(π � P2, d)|.
(c) Let i1 < i2 · · · < in be the sorted sequence of in-

dices in New(π � P1, d) and j1 < j2 · · · < jn be
the sorted sequence of indices in New(π �P2, d).
For index 1 ≤ ` ≤ n it holds that j`−1 < i` ≤
j` < i`+1 where j0 is defined as 0 and in+1 is
defined as |π| + 1.

3. Every reachable state in P1‖P2 is on a path to the final
state.

The first requirement in Definition 5 guarantees that the
protocols can complete a transaction together. For every
path from the initial to the final state: Condition (2a) en-
sures that only valid data is read by requiring that a proto-
col does not read data from a channel unless it is guaranteed
to hold a valid value. Condition (2b) ensures that the same
number of distinct data items are written and read by the
two protocols. This does not however guarantee that the
same distinct data items are written and read, which is pro-
vided by the next condition. Condition (2c) ensures that a
new data item is written only after the previous one has been
read and that multiple reads of an unchanged data item are
not counted as distinct. These conditions together guaran-
tee the first two conditions for correct data flow. The final
condition (3), guarantees the absence of deadlocks as every
state has an outgoing transition and provides the possibility
to avoid livelocks as every transaction can reach the final
state and terminate. In the general case where there is more
than one data channel, condition (2) should hold for every
channel independently.

Deriving an algorithm for automatic compatibility
checking from Definition 5 is straight forward, with the ex-
ception of requirement 2 in the definition, which deals with
a possibly infinite set of paths from initial to final states in
the parallel composition of protocols. We overcome this
obstacle by observing that every path can be described as
the composition of a sequence of loop-free paths and sim-
ple cycles, and the sets containing them is finite. Require-
ment (2) is checked by checking that every loop-free path
and simple cycle complies with conditions (2a)-(2c) and in
addition, that the composition of the loop-free paths with
the cycles, preserves the requirement on the alternation of
read and write actions. Due to space restrictions, we refer
the reader to [5], where complete details of the algorithms
for compatibility checking and extraction of loop-free and
simple cycles are presented.

4. Converter Synthesis
Two incompatible protocols may still be able to commu-

nicate using a converter, an FSM with bounded counters
and finite buffers. Correctness of a converter for a protocol
pair (P1, P2) is defined in terms of the following constraints
on the composition of the protocols with the converter:

1. Data is read only when written.
2. A data item is read as distinct exactly once.
3. No deadlocks occur, and livelocks can be avoided.
4. Fidelity constraints:

(a) Every data item written by P1(/P2) to the con-
verter will be written by the converter to P2 (/P1).

(b) New data items are only introduced by P1 or P2.
Conditions (1)–(3) are precisely those required for com-

patibility except that they now need to consider data flow
through the converter. The fidelity constraint (4a) ensures
that all data read by the converter is eventually written out,
and condition (4b) guarantees that the converter does not
create any data. Before we formalise these conditions, we
need to precisely define what a converter is.

4.1 Converter Model and Correctness

A converter is an FSM with bounded counters and a
buffer bd for each input data channel d. The state of bd,
also denoted as bd, is the number of items in the buffer and
size(bd) is the buffer size. To prevent buffer overflow, the
converter should read into the buffer only if bd < size(bd),
and should write from the buffer only if bd > 0 to prevent
underflow. A guard is a condition x ≤ bd ≤ y on a buffer
state with 0 ≤ x ≤ y ≤ size(bd). The conjunction or
disjunction of a set of guards is also a guard.

Definition 6 (Converter) A converter M is an FSM with
finite counters and buffers (QM , CM , DM ,KM , BM ,→M

, qs, qf , out), where QM , CM , DM ,KM , qs and qf are as
in Definition 1. The function out : DI

M → DO
M maps input

data channels to output ones, and BM = {bd|d ∈ DI
M}

is a set of data buffers. Let GBM
be the set of guards on

buffers in BM and AM be as before. The transition relation
is →⊆ QM × GB × AM × QM .



For example, (q1, 3 ≤ bd ≤ 7, {req?, d?++}, q2) is a
transition in which, if the control channel req is asserted
and there are at least 3 and at most 7 items in the buffer bd,
a new data item is read on d and a transition is made to q2.

Let (P1, P2) be an incompatible protocol pair and M be
a converter. For notational simplicity, in what follows, we
assume that there is only one data channel d1 written to
by P1 and read from by M and a corresponding channel
d2 = out(d1), written to by M and read by P2 (as shown in
Figure 3), and B = size(bd1

).

P2
d2

M
d1

P1
controls controls

Figure 3. System structure

Definition 7 (Converter Correctness) A correct converter
M for the protocol pair (P1, P2) satisfies that:

1. P1 and M are compatible. So are P2 and M .
2. Any path π ∈ Paths(M, qs, qf ) satisfies that:

(a) |New(π, d1)| = |New(π, d2)|.
(b) let i1 < i2 · · · < in be the sorted sequence of in-

dices in New(π, d1) and j1 < j2 · · · < jn be the
sequence of sorted indices in New(π, d2). For
any 1 ≤ ` ≤ n it holds that i` ≤ j` ≤ i`+B .

where qs is a state in (P1‖M‖P2) in which P1 and P2

are in initial states and bd1
is empty, and qf is a state

at which P1 and P2 are in final states and bd1
is empty.

Condition (1) ensures that data items are read as distinct
only once, when written, that no deadlocks occur and live-
locks can be avoided, as in compatibility. Conditions (2a)
and (2b) guarantee the fidelity constraints, that the converter
passes all given data and does not create data. These con-
ditions subsume requiring the absence of over- and under-
flow as the former leads to data loss and the second to data
creation. In the general case, condition (2) of Definition 7
should hold for every pair (d, out(d)) of data channels.

Definition 7 allows us to precisely define two problems :
Converter Verification: Given a converter M for a proto-
col pair (P1, P2), check if it is correct.
Converter Synthesis: Given an incompatible protocol pair
(P1, P2), synthesize a correct converter M .

We now present an algorithm for the latter problem.

4.2. Automatic Converter Synthesis

The converter synthesis algorithm takes as input two pro-
tocols and a map between their data channels, and returns
the most general correct converter, that is, a possibly nonde-
terministic converter containing all correct behaviors, from
which smaller, deterministic converters can be extracted.
The first step is to compute the inverted product of the two
protocols, containing all possible behaviors of a converter.
Then, the behavior of this machine is restricted to the cor-
rect behavior for a converter by adding the required guards.
Due to mutual dependencies, guards have to be iteratively
updated until a fixed point is reached. This fixed point de-
scribes a converter with guards for a correct converter. The
inverted product is described in Section 4.2.1, and the re-
striction to correct behavior in Section 4.2.2.

4.2.1. Inverted Product Recall that the pairs of transi-
tions occurring simultaneously in P1‖P2 are those with ac-
tions S1, S2, satisfying may(S1, S2). The product of P1

and P2, denoted P1 9P2 is defined by removing the re-
quirement may(S1, S2) in Definition 3. Thus, the product
P1 9P2 retains all pairs of transitions, and describes the
most general behavior of two protocols.

The inverse of an action S is obtained by replacing
c? ∈ S by c! and vice versa, and c# ∈ S by τ for all chan-
nels c ∈ control(S) ∪ data(S). The inverted product is
obtained from P1 9 P2 by replacing the action on each tran-
sition by its inverse. Counter actions are left unchanged.
Let INVERT(P ) be a procedure inverting the protocol P .
Observe that the inverted product describes and enables all
behaviors of the two protocols.
4.2.2. A Correct Converter from the Inverted Product
A converter is obtained from the inverted product by adding
the guard 0 ≤ bd ≤ size(bd) to all transitions. The guard
may have to be strengthened to ensure absence of over-
/underflow. For example, if a transition may be followed
by three consecutive reads, its guard should be 0 ≤ bd ≤
size(bd) − 3. Further, a state q may have several outgoing
transitions with different guards, and the guard computed
for incoming transition to q must consider all those guards.
For presentation purposes, we additionally assume that the
conditions on outgoing transitions from any state are mu-
tually exclusive. The full algorithm for the general case is
presented in [5].

For a transition t with guard x ≤ bd ≤ y, let `(t) be x
and u(t) be y. As we consider only one data channel and
buffer, the guard for t can be written as [`(t), u(t)], denot-
ing the lower and upper bounds on bd. The data constraint
[`(q), u(q)] on a control state q describes the acceptable
buffer states for incoming transitions to q, where `(q) =
max(`(t1), . . . , `(tn)) and u(q) = min(u(t1), . . . , u(tn))
and t1, . . . tn are the outgoing transitions from q. That is,
`(q) is the greatest of the lower bounds and u(q) is the least
of the upper bounds on outgoing transitions.

Define the function t update which maps a transi-
tion (q1, [x, y], S, q2) to (q1, [x

′, y′], S, q2), where [x′, y′] is
(a) [max(0, `(q2) − 1),max(−1, u(q2) − 1)] if d?++ or
d?reset ∈ S, or (b) [min(`(q2) + 1, B + 1),min(u(q2) +
1, B)] if d!++ or d!reset ∈ S, or (c) [x, y] otherwise. This
function updates the guard of a transition, considering the
data constraint of the destination state and the data actions
in the transition. If a read occurs, the data constraints are
decremented and if a write occurs, they are incremented.
Note that a guard can be updated to an empty range, mean-
ing that it should never be enabled. For a set of transitions
T , define update(T ) = {t update(t)|t ∈ T}. An example
of the repeated application of update to a set of transitions
is shown in Figure 4. The intervals [x, y] in red show the
guards and data constraints updated in each application.

The converter synthesis algorithm is now defined in
terms of update. The function update is monotonic in the
guards assigned to the transitions of the converter. Itera-
tive application of update to a converter initialized with the
guards [0, B] yields the greatest fixed point of update.
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Figure 4. Application of update

Algorithm 1 Algorithm for Converter Synthesis
SYNTHESIZE CONVERTER(P1,P2,out)
Input: Protocols and mapping.
Output: Most general correct converter.

1: IP := INVERT(P1 9 P2)
2: C := IP with guard [0, B] on all transitions
3: T := Transitions of C

4: repeat
5: old T := T

6: T := update(T )
7: until (old T = T )
8: return C

In cases where it is impossible to construct a correct con-
verter with the specified buffer size, the algorithm will result
in either an initial state range that does not include an empty
buffer (meaning that no transition is enabled at the starting
point) or a final state range that does not include an empty
buffer (meaning that some data transfers never end).

5. Experimental Results
Using the presented formalism, we have successfully

modeled the protocols of the Advanced Peripheral Bus
(APB), Advanced System Bus (ASB) and Advanced High-
performance Bus (AHB) of the AMBA bus protocol fam-
ily, as well as some configurations of the Open Core Pro-
tocol (OCP) [1] - widely used commercial protocols, em-
ploying different protocol features at different complexity
and performance level. We have modeled master, slave and
bus specifications in unprecedented detail, for both read and
write operations.

Table 1. Automatic converter synthesis
Conditions tested

Protocols BWidth ratio Operations
Initiator Reactor 1:1 1:2 2:1 Read Write
ASB(12) APB(7) X X X X X

APB(7) ASB(10) X X X X X

AHB(8) APB(3) X X X X X

APB(3) AHB(6) X X X X X

APB(3) OCP(5) X X X X X

OCP(5) APB(3) X X X X X

ASB(12) OCP(9) X X X X X

OCP(9) ASB(10) X X X X X

The algorithms for completely automated compatibility
checks and converter synthesis, have been implemented in
a PC based tool and applied to pairs of protocol models,
at different bandwidth ratios. The experiments conducted
for automatic converter synthesis for incompatible proto-

cols are listed in Table 1, where the numbers next to the
protocol name represents number of states in the protocols’
model. In all listed experiments a converter was success-
fully created, with the exception of abort operations that are
currently not covered. It is a property of our converter syn-
thesis algorithm that the number of states in a synthesized
converter is bounded by the product of the number of states
of its protocol models, an improvement by orders of mag-
nitude to existing methods, as the converter size no longer
depends on the product of buffer sizes.

6. Conclusions
In this paper we have presented three important elements

of provably correct on chip communication: (1) An efficient
algorithm for automatic converter synthesis. (2) A compre-
hensive framework for modeling hardware protocols, that
is the first to allow precise and detailed modeling of com-
mercial protocols at a low level of abstraction, and enables
direct translation to HDL. (3) General and formalized defi-
nitions for protocol compatibility and the protocol converter
synthesis problem, introducing criteria for correctness of
any suggested converter.

The combination of low level abstraction and efficient
converter synthesis algorithm, produces for the first time,
provably correct, practical converters that can be easily and
even automatically translated to HDL. The methods pre-
sented have been successfully applied to various commer-
cial protocols.
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