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Abstract: The Transport Triggered Architecture is an architectural style where the internal transport buses of a processor
are exposed in the instruction set. Since software has full control over data transports, data can be directly transfered between
functional units, an optimization known assoftware bypassing.
Software bypassing can potentially reduce the need for general purpose registers, because temporary values can be keptin
functional units. Taking advantage of the reduced registerpressure requires software bypassing to be done before register allo-
cation and scheduling. In this paper we analyze under which conditions software bypassing can be done on a Data Dependence
Graph without compromising the schedulability of the graph.

I. INTRODUCTION
TheTransport Triggered Architecture(TTA) [4] is an archi-
tectural style for processor design that allows for easy cus-
tomization of the computational resources and the topology
of the internal interconnection network. The TTA concept
is similar to VLIW [6] in that instruction level parallelism
is exposed in the Instruction Set Architecture (ISA) of the
processor.

Energy efficiency is becoming an increasingly impor-
tant consideration. A popular solution is the use of Ap-
plication Specific Instruction Set Processors (ASIP), which
include features not found in general purpose processors
such as an ability to extend the instruction set with applica-
tion specific operations. An ASIP processor can be consid-
erably more energy efficient for a particular computing task
than a general purpose processor, while being more flexible
than a full ASIC solution.

Because of the ease of customization, TTA processors
are well suited to be used as ASIPs. The resources of a
TTA processor can include functional units that speed up
particular applications, and unnecessary connections can
be omitted from the interconnection network.

Software bypassingis an optimization made possible
by the architecture of TTA processors. Because the pro-
grammer (or the compiler) has full control over the trans-
port buses of the processor, values can be moved directly
between functional units. Many temporary values are only
used once, and if such values can be bypassed, they need
not be written in registers at all. Software bypassing can
thus potentially reduce register pressure, i.e. the maximum
number of registers needed simultaneously.

The decrease in register pressure can only be utilized if
software bypassing is done before register allocation in a
compiler. However, too aggressive bypassing can result in
resource starvation in the later stages of the compilation.In
this paper we analyze the conditions under which software
bypassing can be safely performed before resource alloca-
tion in a compiler.

The rest of the paper is structured as follows. Sec-

tion II explains Transport Triggered Architectures in more
detail, and Section III describes the TCE toolkit, a hard-
ware/software codesign environment based on TTAs. Sec-
tion IV discusses software bypassing, and Section V an-
alyzes how software bypassing affects the schedulability
of a Data Dependence Graph on a given TTA processor.
Related work is reviewed in Section VI, and Section VII
concludes the paper.

II. TRANSPORT TRIGGERED ARCHITECTURE
In this section we describe the Transport Triggered Archi-
tecture.

Computer programs often contain very fine level par-
allelism called Instruction Level Parallelism (ILP), where
some consequtive instructions do not have mutual data de-
pendences, and so could be executed simultaneously.

There are essentially two ways to exploit ILP.Super-
scalar processors hide the parallelism from the program-
mer and let the hardware determine the exact order in
which instructions are executed. This is done very suc-
cessfully in current general purpose processors, with the
expense of complicated control logic.

The other approach is to expose the parallelism in the
instruction set, leading toExplicitly Parallel Instruction
Computing(EPIC). In EPIC, the program binary explicitly
indicates which instructions are independent of each other,
and could be executed simultaneously.

VLIW [6] processors are a typical example of the EPIC
approach. A VLIW processor is composed of several inde-
pendent execution units, and each instruction provides an
operation to be executed by each of the units at the same
cycle. A VLIW processor can thus provide great compu-
tational power with relatively simple hardware, provided
that the compiler can effectively utilize the execution units.
In practice, the EPIC approach works best in application
areas where control flow is relatively predictable, such as
numerical computation and digital signal processing.

The Transport Triggered Architecture takes the VLIW
approach one step further by exposing the interconnection



network of the processor to the compiler. The instruction
word of a TTA processor contains a slot for each internal
transport bus of the processor, determining which transport
takes place on the bus. Computation takes place as a side
effect of the data transports.

Figure 1 illustrates a simple TTA processor consisting
of five functional units, two register files, and a control unit.
The units are connected by three buses. Some of the ports
are marked with an “x”, indicating that they aretrigger-
ing ports. Writing a value into a triggering port causes the
functional unit to start computation, hence the term “Trans-
port Triggered”. After the latency of the operation on the
given unit, the result of the computation appears in the re-
sult register of the unit.

There are few constraints on how data transports can be
arranged, so the designer has plenty of freedom in design-
ing the application specific functional units. When appli-
cation specific instructions are retrofitted into an existing
processor design, the new instructions must adhere to the
architectural constraints of the design. For example, in-
structions may only be able to read one or two registers,
and to write the result into one register. A TTA proces-
sor on the other hand can easily accommodate multi-input
multi-output operations, long latency functional units and
so forth.

Two aspects of a TTA processor are of particular in-
terest. The buses are a limiting factor for the speed of the
processor. The more connections on a bus, the more load
it has, which affects how fast the bus can be driven up or
down. The number of read and write ports a register file
has affects the area of the register file considerably. With
software bypassing it is not necessary to route all values via
registers, so a register file with a smaller number of ports
can be used.

III. THE TCE TOOLKIT
The TTA-based Codesign Environment (TCE) [9] is a
toolset that uses the TTA paradigm as a platform for devel-
oping application specific instruction set processors. The
toolkit is a collection of tools that allows a designer to cre-
ate a custom architecture, compile applications written in
the C language for the architecture, simulate execution of
applications on the target, and evaluate the cost in terms of
execution cycles, area and energy. Both command line and
graphical tools are provided to help designer.

TCE can be used for designing processors manually.
The designer uses a graphical tool (shown in Figure 1) to
instantiate an architecture template, and populates it with
resources. TCE provides a library of predefined processor
units (register files, functional units, long immediate units),
and the designer can also create new application specific
units. The units are connected to each other with transport
buses using the graphical tool.

A processor design can then be evaluated by compiling
applications for it and simulating them. Estimates of area
and energy for the design can also be obtained at this point.
Once the designer is satisfied with the architecture, the fi-
nal phase of TCE design flow takes place. Program image
and processor generation includes generating the HDL files
for the selected architecture, and generating the bit image
of the application. The processor architecture can be syn-
thesized from the HDL files using third party tools.

In order to overcome the traditional disadvantage of
long instructions in VLIW designs, emphasized in the case
of TTA, instruction compression is often used in this step.
The binary image of the application can be compressed au-
tomatically and a corresponding decompressing block can

be added to the control unit of the target processor.
In addition to the fully manual workflow, TCE can also

be used in a semi-automated fashion. Using the design
space explorer, the designer can automatically create an ar-
chitecture based on the requirements of the application.

Starting from an initial architecture provided by the
designer, the design space exploration continues with au-
tomated addition and removal of the resources. Each of
the architectures generated is evaluated during this process,
and the designer is given a set of architectures, and the asso-
ciated information about the cycle counts required for exe-
cuting the application, as well as area and energy estimates.

IV. SOFTWARE BYPASSING
In most processors, data flow between instructions takes
place via registers. This can cause a pipelined processor
to stall if an instruction needs to wait for a previous in-
struction to write its result into a register. To prevent stalls,
bypassingis used to short-circuit values to their consumers
before register writes have completed. An analogous tech-
nique can be used in TTAs, as the compiler is able to move
data directly from one functional unit to another, an opti-
mization known assoftware bypassing.

By eliminating redundant data transports, software by-
passing can improve the efficiency of a program and reduce
energy consumption. It can also decrease register pressure
as it may not be necessary to store some values in registers
at all.

IV.1 A TTA Oriented Data Dependence Graph
In the context of conventional (operation triggered) pro-
cessors, a Data Dependence Graph (DDG) is a directed
acyclic graph, where nodes correspond to operations, and
weighted edges correspond to dependences between opera-
tions (e.g. [1], p. 722). Dependences are induced by shared
storage locations (registers or memory), and the weights
model latencies of operations.

This representation cannot express bypassing in a con-
venient way. We define a TTA oriented DDG as follows.
The set of nodesN consists of two disjoint sets, setM

of move nodesand setO of operation nodes. Move nodes
are labeled with data transports, and operation nodes are
labeled with operations.

The set of edgesE likewise consists of two disjoint
sets, setI of internal edgesand setX of external edges.
Edges are labeled with architecturally visible storage loca-
tions. Internal edges model data dependences between the
operands and results of an operation (i.e. data flow within
a functional unit), and external edges model dependences
between operations, induced by registers and memory lo-
cations.

Figure 2 depicts a simple TTA DDG. Internal edges
are shown as dashed arrows and operation nodes as dashed
ovals. Move nodes are labeled with data transports. For ex-
ample, the label “r2→ add.o” denotes that a value is read
from registerr2 and written to the operand portadd.o of
theaddoperation.

Each node in a TTA DDG corresponds to a write into an
architecturally visible register. The move nodes are explicit
transports on the buses of the processor, and the operation
nodes correspond to writes into the result registers of func-
tional units.

Before resource allocation has taken place, registers in
a DDG are virtual registers, and operations can be thought
of as virtual functional units. Resource allocation then
binds the virtual registers and functional units to the physi-
cal resources of a particular processor.



Figure 1. A simple TTA processor.
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Figure 2. A simple TTA DDG .

IV.2 Bypassing on the Data Dependence Graph
Bypassing is easy to express on the TTA DDG. Figure 3
illustrates how the graph is transformed. Originally (Fig.3,
left), the operationopproduces a result in the result register
op.r, and the value inop.r is transported to registerR. A
subsequent move reads the value inR and transports it to
destinationD.

Whenop.r is bypassed directly toD, the graph is trans-
formed according to Figure 3 (right). The label ofR→ D
is changed toop.r → D, and the node is made to depend
directly on the operation nodeop.

If there are any dependences emanating from the nodes,
they remain unaffected by the transformation. Move nodes
can become redundant as the result of bypassing. If the
value written into a register is never read from there, the
move to register can be safely omitted. Figure 4 illustrates
how software bypassing modifies the DDG of Figure 2. By-
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Figure 3. Bypass transformation.

passing registerr4 makes the nodesub.r → r4 redundant,
so it can be safely removed from the graph.

V. SOFTWARE BYPASSING AND
SCHEDULABILITY

When software bypassing makes some moves to registers
redundant, it can reduce the need for registers. However,
overzealous bypassing can result in a DDG that cannot be
scheduled on a given TTA processor. In this section, we
derive conditions under which software bypassing can be
performed without compromising schedulability.

The reason why schedulability can be compromised is
that bypassing uses the result registers of functional units to
store intermediate values. If a DDG requires more values
to be kept in result registers than there are functional units,
the DDG cannot be scheduled.

If intermediate results are always stored in registers,
functional unit starvation cannot occur. The scheduler can
trivially schedule operations nodes and the associated move
nodes one after another using topological sorting, so that
only one functional unit is in use at any given cycle. Since
all values come from registers, all the moves to operand and
trigger ports are ready to be scheduled. Once the results are
written back to registers, the next operation is ready to be
scheduled.

Similar reasoning can be applied to groups of opera-
tions. If a region in a DDG reads all of its inputs from
registers and writes all of its outputs to registers, all itspre-
decessors in the DDG can be scheduled before the region,
and all its successors be scheduled after the region.

Definition 1. A bypass regionis a maximal connected sub-
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Figure 4. Effect of bypassing on a DDG.
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graph of a DDG, where all the edges are internal edges.

All the data flow to and from a bypass region takes
place via registers. This means that if all the bypass re-
gions in a DDG can be scheduled, the entire DDG can be
scheduled as well.

Figure 5 depicts a bypass region with three addition
operations. The schedulability of the region depends on
how the operations are assigned to functional units. Ta-
ble 1 shows two different assigments of the operations to
functional units.

add1 := fu1 add1 := fu1
add2 := fu1 add2 := fu2
add3 := fu2 add3 := fu3

Table 1. Assignments of operations to functional units.

If the functional units are assigned according to the left-
most column, there is no schedule for the bypass region.
Since additionsadd1 andadd2 are bound to the same func-
tional unit, they cannot be scheduled on the same cycle. If

they are scheduled on different cycles, then one of the op-
erations will overwrite the result of the other operation. If
the additions are bound to different FUs as in the rightmost
column, they can be scheduled in any order that respects
the partial order imposed by the dependences.

Clearly if all the operations in a bypass region are
bound to different FUs, a valid schedule can be found. This
is unnecessarily strict, however, and we will derive looser
conditions in the following. For simplicity, we only con-
sider function units with no pipelining. We also assume
that all operations implemented by a functional unit have
the same latency.

In order for bypassing to be possible, the architecture of
the processor must have a corresponding connection. Op-
erations in a DDG must therefore be at least partially bound
to functional units when bypassing is performed.

If a bypass region contains two operation nodes that
are bound to the same functional unit, incorrect scheduling
might overwrite the result of the first one before the value
is consumed. In asufficiently orderedDDG, dependences
ensure that this is not possible.

Definition 2. A bypass region issufficiently orderedif the
following condition holds. SetNO denotes the operation
nodes of the bypass region, f u(n) denotes the functional
unit assigned to operation node n, and s≥ p is a depen-
dence relation that allows p to be scheduled on the same
cycle as s but no earlier.

∀n1,n2 ∈ NO :
f u(n1) = f u(n2) =⇒

(∀s∈ succ(n1), p∈ pred(n2) : s≥ p)
∨(∀s∈ succ(n2), p∈ pred(n1) : s≥ p)

Lemma 1. In any legal schedule of a sufficiently ordered
bypass region, operation results are not overwritten before
all their uses have been satisfied.

Proof. The proof proceeds by contradition. Letn1 and
n2 be two operation nodes that are assigned to the same
functional unit, ands′ be a use of the value ofn1 which
receives a wrong value becausen2 overwrites it.

By Definition 2,

(∀s∈ succ(n1) : ∀p∈ pred(n2) : s≥ p)
∨(∀s∈ succ(n2) : ∀p∈ pred(n1) : s≥ p)

(1)

We examine the disjuncts separately.
1. ∀s∈ succ(n1) : ∀p∈ pred(n2) : s≥ p

Sinces′ is a use of the value ofn1, s′ ∈ succ(n1). Hence
we get

∀p∈ pred(n2) : s′ ≥ p

Since the trigger movêt of n2 is a predecessor ofn2, we
get s′ ≥ t̂. Hence in any legal schedulet̂ is scheduled
later than or on the same cycle ass′, so the value used
by s′ cannot be overwritten.

2. ∀s∈ succ(n2) : ∀p∈ pred(n1) : s≥ p
We examine the trigger moveŝt1 and t̂2 of n1 andn2
respectively. For any successor ˆsof n2, n2 ≥ ŝand

∀p∈ pred(n1) : ŝ≥ p,

and becausêt1 is a predecessor ofn1, we get

ŝ≥ t̂1.



Since operations have a non-zero latency, we havet̂2 >

n2, which yields

t̂2 > n2 ≥ ŝ≥ t̂1.

Operationn2 is hence triggered beforen1, and because
of the assumption that operations have uniform latency,
the result ofn2 cannot overwrite the result ofn1.

Thuss′ cannot exist, which completes the proof.

Definition 3. A bypass region based schedulerschedules
all the moves of a bypass region before starting to schedule
moves in another bypass region. Since the operand, trigger
and result moves of an operation are connected by internal
edges, region based scheduling subsumes operation based
scheduling.

Theorem 1. A sufficiently ordered bypass region is schedu-
lable using region based top down list scheduling.

Proof. Since operation nodes in a bypass region are already
bound to functional units, the scheduler only needs to as-
sign move nodes to cycles. Scheduling fails if at some point
the scheduler cannot find a cycle in which there is room for
the node being considered and in which the source of the
move is live.

If the source of the move is a register, there is triv-
ially room in the schedule. Registers are not overwritten
by moves in the bypass region, so the move can be placed
arbitrarily far ahead in the schedule.

If the source of the move is the result register of a func-
tional unit, its value is live as long as another operation
overwrites it. By Lemma 1, no operation in the bypass re-
gion can overwrite the result before it has been read, so
only moves outside of the bypass region can overwrite the
result.

Because of the nature of the bypass region based sched-
uler, already scheduled code outside the current region does
not leave any functional units occupied. If the scheduler
places all the moves relating to a functional unit after the
cycle where the already scheduled code frees the unit, then
already scheduled code cannot overwrite results within the
current region.

VI. RELATED WORK
Software bypassing as an optimization is only possible in
an architecture where the internal transport buses are archi-
tecturally visible. There has thus been little work directly
on software bypassing.

The compiler in the original implementation of trans-
port triggered processors, theMovetoolset [5, 10], imple-
mented software bypassing, but as a kind of peephole op-
timization during scheduling. The scheduler performs by-
passing if it notices that a value is available at a function
unit, and redundant moves to registers are detected and re-
moved. In contrast to our work, bypassing in Move takes
place after register allocation, so the freed registers cannot
be utilized for anything else. Even so, bypassing still re-
duces the need for read and write ports in register files [8].

The impact of software bypassing on instruction level
parallelism and register file traffic in the context of the TCE
toolkit was studied in [7]. The bypasser studied in this work
was similar to that of the Move toolset.

The Synchronous Transfer Architecture (STA) [3] is
similar to the Transport Triggered Architecture except that
all the operands of an operation are read at the same cycle.
The interconnection network of an STA processor is similar
to that of a TTA processor in that it allows direct transfers

from functional unit outputs to inputs. A prototype com-
piler is described in [3], but it is difficult to determine from
the paper how well it handles bypassing in reality. More re-
cently, fuzzy control systems have been applied to schedul-
ing STAs [11].

Another architecture that enables software bypassing
is FlexCore[12], where the datapath of a general purpose
processor is exposed to the programmer. The compiler de-
scribed in [12] compiles MIPS assembly code into the na-
tive instructions of the processor. The native instructions
are interleaved as tightly as possible, and bypassing is done
if an instruction needs to read a value that has not been writ-
ten to a register yet.

In EDGE architectures [2], operations are statically as-
signed to execution units, but they are scheduled dynam-
ically in dataflow fashion. Instructions are organized in
blocks, and each block specifies its register and memory in-
puts and outputs. Execution units are arranged in a matrix,
and each unit in the matrix is assigned a sequence of oper-
ations from the block to be executed. Each operation is an-
notated with the address of the execution unit to which the
result should be sent. Intermediate results are thus trans-
ported directly to their destinations.

VII. CONCLUSIONS AND FUTURE WORK
Performing software bypassing on a Data Dependence
Graph before registers and functional units have been al-
located can reduce register pressure, and thus help gener-
ating better code for a Transport Triggered Processor. Too
aggressive bypassing can render a Data Dependence Graph
unschedulable on the resources of a processor.

In this paper we have presented conditions that guar-
antee that bypassing does not oversubscribe the resources
of the processor. This allows bypassing to be performed
before resource allocation.

We plan to implement prepass bypassing in the TCE
toolkit [9]. In particular, we are interested in finding out
how much bypassing we could do “for free”. Data depen-
dences naturally sequentialize some data transports, which
therefore satisfy the conditions for safe bypassing.
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