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Abstract

Speculative computation and branch prediction have
been used in high-performance processor design for
many years. Recently, it has also been applied to
high-level synthesis where a priori knowledge of possi-
ble control paths provides an even higher performance
potential. One problem of speculative techniques is
the circuit overhead necessary for correctness preser-
vation. While in processors, overhead is high due to
the required generality, high-level synthesis can, again,
employ a priori knowledge. The paper presents a reg-
ister synthesis and allocation technique for speculative
computation with branch prediction which is based on
life time trees. It creates shift register structures with
little register and control overhead.

1 Introduction

Modern RISC processors use branch prediction and specu-
lative computation to increase the potential parallelism in the
presence of control dependencies [1]. The major challenge
of these techniques is the preservation of a correct processor
state without compromising cost efficiency and performance.
A common solution for processors is to increase the number
of registersto hold results of speculative operationsand to use
associative memory and tagging techniques, often combined
with mechanisms for dynamic scheduling. This solution is
costly intermsof interconnect and register file complexity and
it ismainly suited for architectures with a centralized register
file. However, it provides the flexibility needed for general
purpose processors.

For high-level-synthesis, the potential performance in-
crease through speculative computation is even larger: A
priori knowledge of algorithm specific control path seg-
ments alows controlled prediction [3] or parallel execution
of branches [5]. On the other hand, while the overhead for
speculation is only a small part of current RISC processor
cost, high-level synthesisis used to generate smaller circuits
where the overhead would be much less acceptable. Most
importantly, however, high-level synthesis exploits specia-
ized registers and interconnect which does not match current
techniques used in processors.

In this paper, we will present a register synthesis and a-
location technique to work with speculative computation in
high-level synthesis. It generates shift registers and uses a
generalized variable life time analysis for register alocation
which is based on life time trees. The technique has been
developed for MBP-SC [2] but is not limited to this specific
specul ative computation approach.

The technique presented here distinguishes three phases:
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First, by value life time analysis the relationship be-
tween the production of a value and its last consumption is
determined. Conventionally, intervals are used to represent
valuelifetimes[4]. Thisshowsto beinappropriateif different
paths through the control flow of an algorithm are scheduled
separately: Then each operation can be assigned as many
execution cycles as there are paths it belongs to, and, conse-
quently, the life time of values is path dependent, too. Life
times in our approach therefore are represented by trees.

Inthe second phase, logic register file synthesis, aset of
logic shift registers(instead of register filesasinprocessors) is
generated to store each value over itslifetime. Thealgorithm
presented in this paper determines the necessary shift register
length and provides speciaized connectivity to realize value
restoration in case of prediction errors. Additional constraints
on theregister structure dueto loop pipelining or the presence
of multi-cycle operations are respected.

Inthefind register allocation phase, logical registersare
mapped to physical ones. Theaim of thisphaseisto minimize
the number of physical registers needed. This correspondsto
conventional register synthesis. For this paper, wewill regard
the first two phases only.

Therest of this paper is organized asfollows: First we de-
scribe how state graphsareused in our system asageneralized
way to represent scheduling information. The following sec-
tion illustrates how life time analysis is performed for these
state graphs. Then, after a short discussion about different
forms of register file organization, arule based algorithm for
logical shift register synthesisis presented. By applying the
algorithm to some examples we show the register overhead
caused by the MBP-SC scheduling technique. Finaly, we
give aconclusion.

2 Schedule representation

do {

temp = a;

a = temp + j;
b=2+ a;

x = b + temp;

c =a * a;

d = a * b;

if (6 <a) j=a-2;
else j * a;

J =]
} while (j <= 100);

Figure 1: Example C Code

To illustrate the algorithms, we will refer to the C-code
example in fig. 1 throughout this paper. In control and data
flow graphs(CDFGs) likefig. 2, besidescirclesfor operations
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Figure 2: ASAP-Schedule

and arrows for data dependencies, dashed arrows are used to
denote control dependencies (a controller delay of two cycles
is assumed). Rectangles with rounded corners represent the
evaluation of conditions within the controller (e.g., Fzit? for
a possible termination of a loop). Usua multiplexors with
inputs for the true and false case are labelled T and F,
while loop multiplexors labelled init and loop are used to
describe the initialization of values for the first iteration of
theloop and, for further iterations, the passing of valuesfrom
iteration n to iteration n + 1. Note that in our example the
multiplication is unpipelined.

Figure 3: MBP-SC Schedule

The MBP-SC agorithm schedules different paths or sets
of paths of the control flow independently and generates a
combined schedule in form of a state graph. To keep matters
simple, in this paper a state graph will be regarded as arepre-

sentation of a Moore automaton. We will refer to nodes of a
CDFG as operations and to nodes of a state graph as steps.

Consider the example code in fig. 1 and the corresponding
ASAP-Schedule in fig. 2. The critical path from the 6‘%—
operation to the same operation in the next iteration limits the
minimum pipeline latency to six cycles. Within the loop, two
paths can be distinguished: Path A leads through the then
part, and B through the else part of the if block. Assume
that code profiling determined that most of the time path A
wastaken. Fig. 3 showsthetwo schedules and the state graph
generated by MBP-SC with A being predicted (each step of
the state graph correspondsto the cycle of the schedule on the
same horizontal level):

e The pipelined part of the loop consists of the schedule
steps0to 4, wheresteps 0, 1 and 2 form theinitialization
phase. In this part only operations of path A are exe-
cuted, while everything el se (operation @ multiplexors
and control dependencies between operations) has been
removed. As aresult, a pipeline latency of two cycles
could be achieved. Nevertheless, the if condition still
hasto beevaluated inthepipelined part: Instep3of fig. 3
theresult is needed to determineif aprediction error oc-
cured (PE?: controller can react on a prediction error)
and, in this case, to change to the second schedule part.
Otherwise the execution of the pipelineis continued.

e Thepart of the schedule consisting of steps5to9infig. 3
executes the operations of path B. Operations common
to A and B which have aready been executed in the
first part of the schedule don’t have to be invalidated or
repeated, except for those, which are invalid due to the
prediction error. In our example thisis only true for the
@-operation, which computes the loop exit condition.

On path B, the operation @ delivers input data for the
condition, thusin step 2 it has been executed with wrong
input values. Therefore in step 7, the condition is eval-
uated again with the correct inputs. After al necessary
operations of the else path are executed, a transition
to step O is taken, thus for the following loop iterations
the pipelined part of the schedule with the prediction of
path A is executed again.

By using MBP-SC the pipeline latency in this example could
be reduced, but a penalty must be payed in case of predic-
tion errors. Extra cycles are needed to execute the remaining
operations of the unpredicted paths and the pipeline has to
be reinitialized. Nevertheless, given that the prediction was
correct for 90% of the iterations, the average iteration length
in our example would be 2.61 cycles, compared to 6 cycles
without the use of MBP-SC.

As can be seen from the (<)-operation, a schedule gener-
ated with MBP-SC can not be described as a mapping opera-
tion — cycle. Instead we usethestategraph itself to represent
the relationship between operations and their execution times.
For the above example, table 1 shows the operations which
are executed in each step. In addition, for each operation op
in step s itsiteration number i(op, s) is given and, in case of
multi-cycle operations, which part ¢ of thefull execution time
is executed in that step.

Further, for each edge e, 5, of the state graph, o(es, s,)
definesthe iteration offset between the stepss; and s». For
the edges e4 3 and eg  in fig. 3 the offset is 1, for all other
edges the offset is 0. This way dependencies across pipeline

iterations can be modeled: Operation @ passes its result to
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1 0 0|0 00
2 1 0 0 0 1/0 O
3 1 11 1 0/01
4 2 1 1 1 1/10
5 00
6 01
7 0
Table 1: Executed Operations
operation(-)in the sameiteration. Step 4 executes( ) for the

thirditeration of the pipeline (seetable 1). The corresponding

is, if theloop doesn’t exit, executed in the second traversal
of step 3, but (according to table 1) as part of the second
loop iteration. The iteration offset of 1 for e4 3 provides the
necessary alignment.

3 Life time analysis

Thelifetime of avalueistheinterva between the moment
of the production of the value and its last use. Applied to
state graphs, the step s, where the result » of an operation
is computed determines the begin of the life time of r. All
sequences of steps starting from s,. and ending at a step where
r isconsumed belong to thelifetime of . The union of these
sequences can be represented by alife time tree. Wewill use
the term node only for nodes of alife timetree. The symbol

(»); will denote operation (°») executed in iteration i.
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Figure 4: Two (of Three) Life Time Trees for ()

Consider operation (1), in step 0 of fig. 3: Instep 1to 3
the result is consumed by the data dependent operations of
iteration 0, and, in step 2, by G-, If path A was taken, then
in step 4 operation -9 would be reached. Otherwise the life
time would lead along path B with steps 5-9,0-2 to operation
instep 5 and 6, () instep 0, and (-2 in step 2. The
left part of fig. 4 showsthe corresponding lifetimetree Ty for
this example. Together with each node, the data dependent
operations are displayed (operations of thefollowingiteration

arecolored grey). Edges of the lifetime tree which are drawn
with bold lines correspond to edges in the state graph with an
iteration offset of 1.

Please note that there are three steps in the state graph

where operation@ isexecuted: 0,2 and4. Asaconsequence,
there arethree different lifetime trees. Theright part of fig. 4

shows, as asecond example, thetreefor@in step 4. Herethe
pipelineisfilled and executesthree loop iterationsin different
phases (comparefig. 3).

Life time trees alow to treat data dependencies within
the same iteration (intra iteration dependencies) equaly
to those, which cross iteration boundaries (inter iteration
dependencies). If avalue lives for multiple iterations, the
corresponding life time tree is obtained by "unrolling’ the
state graph. Therefore each step of the state graph may appear
fseveral times in a life time tree, as can be seen from 7 in
ig. 4.

3.1 Generating life time trees

The generation of thelifetimetreefor avaluev computed
in step s by operation (°») is done recursively, starting with
s as current step. When traversing through the state graph,
operaﬁions@ in the current step s’ are data dependent of v if
two conditions hold:

e In the CDFG, ¢») shows a data dependent of (), pos-
sibly across one or more loop multiplexors. Then, let
Ai denote the difference in the iteration index of both
operations, which is equivalent to the number of loop
multiplexors between them.

e The iteration indices of both operations (aligned with
regard to step s’) must match. Let o describe the sum-
marized iteration offsets of all edges that have been tra-

versed between s and s’. Then the following equation
must hold:

i(op,s) + Ai = i(op',s') + 0 (1)

To see why this is true, consider operation @ infig. 3.
It is connected with the left operand of operation (-5
via one loop multiplexer (Ai = 1). For operation ()
executed in step 4, Table 1 shows an iteration index of
i(@),4) = 2. Thus, the consuming operation ¢35 must
belong to iteration index 3. In step 2, which can only be
reached from step 4 in case of aprediction error (path B),
theiteration index of G9isi((9), 2) = 0. To align these
indicesinlifetimetreeTy infig. 4, the sequence of steps
from the source operation () in step 4 to operationt-)in
step 2 must lead across three edges with iteration offsets
of 1 (marked with bold arrows), therefore giving avalue
of o = 3.

Thelifetimetreeisextended until it is certain that there won’t
be any further data dependent operations found. This can be
determined using the summarized iteration offset o, which is
the only value in equation 1 depending on the sequence of
steps between s and s’

4 Logical shift register synthesis
4.1 Alternatives to the shift register solu-
tion
For each value v computed during the execution of the
algorithm, an arbitrary register structure has to be provided,



which fulfillstherequirements, that v isstored over itsfull life
time and that in no moment two different instances of v (e.g.,
of different iterations) are assigned to the same register. Al-
though in this paper we focus on the generation of specialized
shift registers, alternative realizations are possible:

e Eachactive(i.e. currently executed) iteration holdsafull
set of registers of its own, including additional registers
for predicted values. A disadvantage of this solution
is the bad register utilization: The number n. of register
setsisdetermined by the number of iterationsexecutedin
paralel in the pipeline. Let m be the maximum number
of vaues that are aive in parallel during the execution
of an iteration. Then the register file must hold n x m
registers, even if thereis only a single active iteration at
atimethat needs the full set of itsm registers.

e For each operation (°») which is executed dependent on a
prediction aregister set is provided to hold the outputs.
Thisisthe solution used in processors. Each value com-
puted by (°p) remains in the same register for its whole
lifetime. Thisincreases control and interconnect com-
plexity as discussed in the introduction.

The first solution doesn’t make use of the fact that in every
step of the state graph the set of existing valuesisknown. Both
alternatives use adynamic rel ationship between the operation
that uses a value and the logical register where that value is
stored. In contrast, by using a shift register for each value,
the size of the register sets can be minimized. Further, if
a static relationship between each operation and the logical
register holding thecorrespondinginput val ues can bedefined,
associativity or multiplexor structuresfor the register sets are
unnecessary.

4.2 The algorithm

Related to state graphs, a valid register structure requires
that thereisno step in which two different values are assigned
to the same logical register. Due to the nature of state graphs
generated by MBP-SC, the shift registers have the property,
that every operation in the CDFG reads its input data always
from the same logical registers. Accordingly, results of an
operation are always written to the same registers as well.

This property of the generated shift register structure de-
fines interdependencies between different life time trees of

the same operation. Infig. 5all threelifetime trees of G2 and
their relationships are shown. Dashed arrows between two
nodes indicate that the values belonging to their treeswill live
in parallel at these nodes, i.e. their life times overlap. The
arrows aways point to that node, which represents the value
that has been aive for alonger time.

Overlaps of two life times start at the first node where the
two values live together, and they end where their courses of
lifesplit: Innoneof thegraphsthereisadashed arrow pointing
to node 5, because if node 5 isreached, a prediction error has
occured and all values of later iterations are invalidated.

To generate a shift register Ry, Ry, ... that holds values

produced by an operation , three integer functions are de-
termined: For each data dependent operation @ the value of
r(¢r)) defines the register stage within the shift register that
holds the input data for ¢»). Further, for any noden of alife

time tree 7' belonging to (@»), the functions r(n) and 7(n)
definean interval of shift register stages. At noden, thevalue
related to T' then may be stored in any of these registers.
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Figure 5: Life Time Interdependencies

To compute these functions, first (¢») isinitialized with

—1 for &l ¢p). For &l nodes of all life time trees (except
for the root nodes) r(n) and 7(n) are initialized with 0, for
the root nodes they are initialized with —1. Without further
mentioning, 7(n) > r(n) hasto be provided after any change
tor(n). Then, iteratively, threerulesareapplied until nomore
changes occur:
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Figure 6: Rule 1

Rule 1: To understand the consequences of a life time
overlap, consider fig. 6. If in any node of by,...,b, the
value related to Ty is expected in register R,., then the cor-
responding write operation has to be performed in node n
of Ty, regardless of which node of b1,...,b, will be the
next (Moore automaton). Since a register write changes the
register outputs in the following cycle, in node n of T'x the
old register content is still available. However, to preserveit,
in node n of T'x it must be moved at least to R,11, again
regardless of the path taken. Given that for alifetime overlap
ns i1sthe source node of the dashed arrow and n4 is the desti-
nation node, this situation can be expressed by the following
equation:

A <z(n'¢) > max

n’ Esucc(ns
n!,Esucc(nq) * ()

) +1}) @

Rule 2: To provide stable input signals for a multi-cycle

operation @ this operation must receive its inputs from the
sameregister for all cycles of itsexecution. Let N denote the



set of al nodes of al life time trees where any cycle of (m) is
executed. Thenwe haveto make sure, that in al these nodesa
common register stage for the input value of @ exists. Since
copying of values may only be done towards a higher register
stage (in order not to overwrite values of later iterations) for

the input register stage of (m) the following equation must
hold:

r(@) > max{r(n)|n € N} (3)
Rule 3: Foranoden letop(n) denotethe set of operations
excuted in n. Then that operation in n which expects its

input from the deepest stage of the shift register defines the
maximum register occupied in n:

7(n) > max {r() | € op(n) } (4)

As will be seen from the example, the result of this algo-
rithm is a shift register of minimum length. The connections
between registers and operations as well as the internal con-
nections of the shift register are delivered, but not minimized.

4.3 Example

Figure 7: Example Result for Ty

Fig.7 shows the interval [r(n),7(n)] for each node of Tp
after the algorithm was applied (1 and T, have been omitted
for simplicity). To the right of fig.7 the corresponding shift
register structure is displayed. The way the operations are
connected to the registers corresponds directly to theresulting
function (). A dashed arrow from a node to a connection
denotes, that in the step of the state graph which corresponds
to that node a data transfer within the shift register has to be
performed.

Some characteristics of the generated shift registers can be
seen from this example:

e |n contrast to common shift registers, a connection from
R, to Ry is generated, which requires an additional
multiplexor. The corresponding transfer is performedin
step 5 to correct the prediction error.

e The overlapping multi-cycle operations (1) and (=) are
handled correctly: Although the pipelinelatency is2 cy-
cles, the value is copied from R, to R, after only one
cycle. Thisway in steps 1 and 2 the value is provided
for ¢ in Ry, and in steps 2 and 3 it is provided for (-2)
in Ry. Asaconsequence, each stage of the shift register
can require to be controlled separately.

5 Results

By applying the life time analysis and register synthesis
algorithms to a set of examples (taken from [2] and [3]),
we measured the difference in register usage between a list
scheduling technique (LS), a pipelined list scheduling tech-
nique (PLS) and the MBP- SC scheduling technique, all with
the same register alocation algorithm. To reduce the effect
of register sharing, only theinnermost loop of each agorithm
was considered. Two different blue screen algorithms from
professional video applications were used (blue2, blued), two
parts of a pattern recognition system (etik3 and 4) and a non-
recursive version of quicksort (quick) .

blue? | blued | etik3 | etik4 | quick
LS 7 7 33 10 | 20
PLS 7 9 35 | 12| 23
MBP-SC| 8 7 33 9 30

Table 2: Register Usage Comparison

Table 2 shows the register count for each benchmark with
each of the scheduling algorithms. All synthesis runs were
performed with unlimited hardware resources, to alow deep
pipelining. Except for the quicksort, the benchmarks had only
one condition in the innermost loop that had to be predicted.
Nevertheless, due to pipelining there were between three and
ten open conditions of different iterations in the pipeline. It
shows, that, at least for the examples, there is little register
overhead when using MBP-SC scheduling. In half of the
cases, weeven find alower register count comparedto pipeline
scheduling (in case of etik4 even lower than list scheduling),
since due to speculation some operations can be executed
earlier which leads to shorter life times of intermediate values
with the consequence of lower register requirements.

6 Conclusions

A generalized approach to variable life time analysis and
register alocation suitable for speculative computation in
high-level synthesishasbeen presented. Using apriori knowl-
edge of execution pathes, it departs from the expensive cen-
tralized buffering techniques known from processor design
and supports specialized register sets. Even though originally
developed for the MBP-SC scheduling approach, it can be
adapted to any speculation technique with fixed paths and
centralized control.
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