old implementation, but not in the new one. Therefore a post-pro-
cessing step may be necessary to adjust power levels or to remove
dit untestable faults even in the logic reused from the old implementa-
od LD new tion. Whether this post-processing step is acceptable depends on
specification specification . - ;
W_J why incremental synthesis is used. It may be acceptable in the ear-
structufal compare lier stages of the design process, but not later when the designer

q) —
= S o wants to minimize disruption to his chip.
2 e g Incremental synthesis can be used for different purposes. Some-
S c§ . times a designer changes his specification to speed up his design,
20 = synthesize - : C
v while keeping functionality the same. In that case he wants to
resynthesize all the modified statements even though from a func-
tional point of view it would be legal to reuse the old implementa-
~old _ _ new tion. Other times the designer actually does change functionality
implementation implementation and wants the minimal amount of resynthesis - only as much as is
necessary to get the new function.
Figure 3. Incremental synthesis In some designs the old synthesized implementation may not be

. . _strictly speaking functionally equivalent to the old specification.
aIIy,_ or both. ThL.JS It needs to be told hOW to re_Iate primary 10S ifpjq may be due to adding some logic to the implementation, say
th_e |_mple_mentat|on to the primary I.OS in the Iogl_c befor_e_ syr_lthe3|sfor testability. In such a case incremental synthesis preserves the
Similarly it needs to rglate Iatghes in the two logic specifications. .o dified cones of logic, even if their functionality does not

. Some methodologle§ retain latch names throu.ghout. Lhe Sgnthﬁfatch the new specification, so that the testability logic need not be
S'Sh pr%ces_sf,_ some r?ta'n net names, some rztaln neit er(,j Ut Ufied to every new version. However, sometimes the designer actu-
other identifications. In extreme cases we need to use random pﬁf[y has an incorrect implementation and wants incremental synthe-

terns_sm_wlul?thn to find thle Iat(;’:: qurelspondegce_ late the old sis to correct it. In that case we can reuse the old implementation
imilarly, incremental synthesis also needs to relate the old al ly where it computes the correct function.

new specifications. For that we need to relate primary 10s, which IS pagiges these controls specific to incremental synthesis, there

design 'ang‘ﬂage dependent, but fortunately we. do not negd torel other controls, which are similar to the ones described earlier in
latches. While the correspondence between primary 10s is the ony;q paper

one necessary to find the changes in the new specification, any
other correspondence about internal nets helps. (It speeds up $eConclusions
process and can result in smaller changes to the implementation.) ) )

How such correspondence can be inferred depends on the com-We have presented a variety of synthesis controls that the
piler of the design language. Therefore incremental synthesis nee@@Signer can use to guide synthesis to the desired solution. Most of
to be told about the design language. these c_ontrols af_f(_ect the way synthesis dea_ls with the structure of

Since incremental synthesis combines two pieces of logic, ol logic. In addition to being able to specify the structure com-
implementation and new specification, it needs to make sure thB{etely, these controls allow a more flexible approach. The designer
the result will be consistent with the expectations of tools followingt@n control the level of restructuring, affect the mapping process
synthesis. For example, suppose that a latch A in the new speciﬁc%pd reuse old de5|gns to generlate new designs. We also described a
tion is implemented by reusing a latch named B in the old impleMethod for controlling the run-time.
mentation. Should it be called A or B? Sometimes the answer is
sometimes B and sometimes it does not matter as long we indic:{e Acknowledgments
the correspondence by the means needed by any tool run after syn-We would like to thank Bob Kanzelman and Leon Stok for read-
thesis (e.g. verification). ing the paper and giving suggestions.
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Complex functions are then expanded into a less complex form.
“direct” “data-flow” “none” For example, a one bit adder is expanded into an XOR and an
AND-OR. The process of finding matching technology cells and
adding corresponding patterns is then repeated until all the logic is
expanded to primitives. At this point, a limited set of nondestructive
complex cells: optimizations is applied such as redundancy removal. This
patterns; expand increases testability while connections and wiring are decreased
I when compared to manual design. Finally, normal pattern genera-
tion is performed on all unmarked logic as well as the expanded
“data-flow” logic. The tiling procedure is then free to choose from
AOS among all the patterns to find the best cover.
patterns; expand So we see that a range of structure dominance is available for
the designer to exercise. Synthesis has complete freedom to opti-
mize unmarked logic. It has the freedom to select a good mapping
| pattern matching | cover for “data-flow” logic with the implicit structure providing a
1 basic seed for the mapping. And, it has little freedom to alter
| covering | “direct” logic but it still automates the mapping process and allows
%7 the design description to remain technology independent.

| direct mapping fail

succeef

XOrs:
patterns; expand
I

Figure 2. Mapping flow 5. Incremental Synthesis

expanded to these primitives to allow for logic optimization unless The most common complaint about logic synthesis is the prob-
they are marked with “data-flow” or “direct’” keywords. The lem of consistency from one run to the next. When a designer
marked functions are kept intact through the optimization steps arzhanges a parameter in his specification, be it either the source
into the technology mapping step. Optimization will be limited todescription, or one of the constraints (such as timing constraints),
the logic between these functions even if set to the highest levdhe synthesis implementation may not meet his expectations. For
This allows a mixture of logic styles to coexist and lets the designenstance, the designer may make a little change in his specification
select the optimization level without regard for the portions which(to correct a functional mistake or for better timing) and synthesis
must not be restructured. may generate a completely different implementation. This is a con-
“Data-flow” logic and “direct” logic are treated essentially the sequence of synthesis having the goal of logic minimization and of
same through the optimization step. Recall that “direct” implieghe fact that two functions with only slightly different specifications
stricter control: “What | wrote is what | want.” BooleDozer tries to may have completely different optimal representation. The problem
perform a one-for-one mapping into the technology, essentially onis compounded by the fact that the optimization algorithms are heu-
source statement into one technology cell. So a statement descritstics, so that the new implementation may be worse than the old
ing a NAND function will become a NAND cell provided an equiv- implementation.
alent cell exists. This is done in the first part of the mapping step. BooleDozer provides a mechanism to reuse the old synthesis
Once logic boxes are mapped, no further mapping action will affedtmplementation for a new implementation[1]. It will determine the
them. differences between the new and old specification, and then will
Occasionally, there will be no direct technology match for a pardetermine which portions of the old implementation can be reused.
ticular function. There are a number of possible reasons for this biihe unusable portions are replaced by technology independent
an important one is that the logic may have been designed withgates taken from the new specification, which implement the
particular technology in mind but is now being mapped into a difchanges in the new specification. This combination of the old imple-
ferent technology. In this case, any unmapped “direct” logic boxegientation and the new specification is then synthesized as usual.
are automatically added to the set of “data-flow” logic boxes. Logidiowever, all the gates from the old implementation are protected
marked as “data-flow” is considered next. from any transformations, hence only the gates taken from the new
Mapping in BooleDozer is done by locating patterns in the logicspecification are optimized and mapped into technology. Incremen-
which may be replaced by technology cells. Every logic box will bgal synthesis is involved with many aspects of the overall design
covered by one or more patterns and a tiling process [3] is used taethodology beyond synthesis itself. Therefore in addition to infor-
select the best set of patterns to cover all the logic. Finding a goauation about the design itself, it needs to know where the inputs
set of patterns in the logic which make efficient use of the technolnto incremental synthesis are coming from, and where they go to.
ogy is a complex procedure. However, “data-flow” logic is already5.1 Methodology controls
well structured according to the designer. It follows that this infor-

i hould b dt i it ¢ d th . _Incremental synthesis operates on three pieces of logic - the
mation shou € used lo generale paterns o seed e covermaic before any optimization for both the new and old version, (the
algorithm. So, the mapping process for this logic is to first find one-

; old and new specification) and the synthesized implementation for
for-one technology cell matches using the same approach as ab(m% old version

for “direct” logic. Now, rather than performing the actual mapping,
patterns representing this mapping are added to the design. Patte,
may also be generated for complementary functions (e.g. bo
AND-OR and AND-NOR). Where there is no direct match, simple.
factoring may be used to find a pattern of cells which still keep th
overall structure intact. This factoring exists only in the pattern; the
logic itself is undisturbed.

The logic for the new specification is the normal input into syn-
(§sis; the other two must be found in the file system. Where to find
em depends on version control, which is different at different
installations, and therefore has to be done by a special program tai-
red to each different version control convention.

Incremental synthesis makes no assumptions about how the old
implementation was created; it could be done automatically, manu-



mutative (AND-OR) structures. As an example consider figure 1. At titney = 2,¢; = 5,c, = 1.
5. Here synthesis has complete freedom to change anything Tibe total budget i€.(By 2+ (Bp 3- By ). B15+ (B1g- Bi o). By )
wants. However, it may choose to retain certain structures thatdt T.(33% + (100%-33%). (12% + (50%-12%). 60%))
(heuristically) judges to be good. Other than functional correct- ) )
ness, no properties are guaranteed to be maintained. 4. Dominant Mapping
6. Destructure the network. The structure is assumed to be poor.

o . Designers often plan out the detailed implementation of parts of
Synthesis will attempt to remove as much structure as it can.

their designs. These sections are usually the most critical and the
: : ; most difficult to get right and tend to be dataflow logic. The size
3. Budgeting of Execution time and the shape of such designs have been generated based on the
Since it is difficult to predict in advance how hard it will be to designer’s experience and knowledge of the overall requirements.
meet the timing specifications, the run time of a synthesis run calany designers used to find that they could not use synthesis for
vary widely. It is therefore important to be able to control the rursuch designs, instead, designing them by hand. This is time con-
time. When a limit is set on the run time it is important that the rursuming and error-prone and last minute technology changes can
is not cancelled without giving reasonable results. When the timgvalidate the manual design, meaning a missed deadline.
expires the results should at least be mapped and written to a file. We’ve seen how optimization may be controlled by the designer
To accomplish this, the run time of the various tasks in the systefut sometimes this is not enough. A designer may not wish to avoid
can be budgeted. all optimization yet still wishes to maintain the structure of certain
The synthesis system allows three types of user specified bugaths in the design.
gets: (1) a CPU time budget, specified as the amount of CPU time Another problem is the mapping of complex functions to com-
that can be used, (2) a real time limit, specified as a point in timglex cells such as multiplexors, decoders, and adders. These cells
when the run has to be complete and (3) a maximum count of elare often more efficient in size or speed or both. Logic optimization,
mentary operations. The third limit is used to ensure reproducibilespecially factoring, can disguise these functions making them dif-
ity. ficult to recognize. For instance, a selector needs to have all its
The budget for each task is predetermined (not given by theelect inputs one hot encoded for correct operation. Functionally it
user) as a percentage of the overall budget. The deadline for than be seen as a large AO. If it is expanded into primitives, then the
task can be calculated from the overall budget given by the useselect signals may no longer be 1 hot after optimization, and it will
Because each task can consist of several sub-tasks, the budgebésdifficult to recognize that a selector can be used to implement the
hierarchical and each sub-task has a budget given as a percentagunttion. Again, designers may resort to direct entry of technology
the budget of the parent task. cells eliminating the advantages of automation and synthesis and
When a task is not completed when its deadline passes fifing the design to a single technology cell library.
exceeds its budget), it is terminated at the next convenient place, Both of these problems are addressed in BooleDozer. A designer
and execution of the next task begins. If a task is completed beforgay mark portions of the logic to indicate the level of structural
the set deadline, the remaining time can be used for the next task.dominance that should be imposed[2]. Structural dominance means
other words: the deadlines do not change because a task was cahe implicit logic structure in the original design description “domi-
pleted ahead of schedule. Furthermore, it is possible to have somates” the mapping. That is, the structure of the technology level
required tasks which are always executed, regardless of time prasetlist closely resembles the structure of the original design. The
sure. For instance, one always wants the synthesis result written téezels are, in order of increasing structure dominance, “none,”
file, regardless of how far the deadlines are exceeded. “data-flow,” and “direct.” The designer marks the logic by placing
Because the synthesis scenario consists of a hierarchical setaufributes on statements in the design description. “None” means
procedures, the budget is done hierarchically, such that for smatat synthesis may process the logic normally under the constraints
tasks a budget can be set, and such that some required tasks gfrehe other controls described earlier and may completely restruc-
always executed. ture the logic. “Data-flow” and “direct” are both used to maintain
o I o the logic structure implied in the design description.This provides
level o | 2Pumization | map timing ppiimization several benefits for a logic designer. First, it allows for a more natu-
33% ral partitioning since dataflow and control logic do not have to be
| | artificially split between partitions. Second, logic optimization may
level 1 M1 be used fully without concern for how it may restructure the critical
20% 60% 100% 12% 50% parts of the logic. Third, it provides a means to define the logic at a
level 2 | | low-level where necessary, limiting the role of synthesis while
| | remaining technology independent. This can be essential to making
20%  q0% 100% a tough design work on a tight schedule. Again, a single design may
t Ty contain one or all of these logic styles.
BooleDozer considers each logic statement as a unit and recog-
Figure 1. Hierarchical time budgets nizes structural constructs. For instance, a sum-of-products expres-
Let T be the total budgeted time (CPU time or real timeBjlgt  sion is represented in logic as an AND-OR gate. Or, a set of
be thecth budget (as a percentage) at leydt ¢, be the number of comparisons between a bus and various constants may be repre-

the current budget at levielThe next deadlin&, at levelL is sented as a decoder. In this way, there is a close correspondence
L -1 between the structure entered by the designer and the logic structure
_ B represented within BooleDozer. Attributes on the source statements
Tg=T53 Bi,cin (B ¢ Bj,cj—l)

become keywords on the logic boxes in the synthesis model.

=0 =0 Functions more complex than AND, OR, and NOT are normally
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Abstract - This paper describes some of the synthesis controls in the The problem with such a control is that it is extremely unpre-
BooleDozet synthesis system which are unique in concept andlictable - the run time is very difficult to predict from the setting of
implementation. Rather than attempting to achieve the maximuthe control. The run time depends on the size of the circuit and
amount of optimization in the minimum amount of run time, th@bove all on how difficult the timing constraints are to achieve. Our
designer specifies the restructuring level which allows him to spe@lternative to control CPU-time will be explained in section 3.
ify to what extent the original structure should be preserved. We Another undesirable effect is that it is usually not guaranteed
also describe controls which affect the mapping process. Finally wiat more CPU time will yield a better result. Because of the heuris-
describe the incremental synthesis feature. The run time can B¢ nature of some of the algorithms involved, it is possible that a
accurately controlled by a run-time budgeting mechanism. longer CPU time will make results worse. This is _prl_mar_lly caused
by the difficulty of accurately predicting area and timing in an early
1. Introduction stage of synthesis.
. To avoid this, the usual level of optimization control is replaced
~ Normally most controls give hard parameters to the system. Ffy, 5 restructuring control. The restructuring control is a flexible
instance, a qontrol will set the tlmlng specifications of .the Iog!c, seray of controlling the amount of optimization. A higher level of
rules for fanin and fanout, specify the standard cells in the libraryegirycturing gives synthesis more freedom to change the network,
This type of control gives the constraints under which the synthesi§; 5150 increases the level of unpredictability. This control affects
algorithms must work. However, just giving such constraints hagimarily the early stages of synthesis, as these stages change the
proven not to be sufficient. o structure of the network most, while the area and timing estimates
The process of logic synthesis is very complex, and even veny; ihis stage are most inaccurate. Each level of restructuring pre-
small suboptimizations have been proven NP-complete or worsgeryes some important property of the network. The levels are
Despite intensive research, and great progress in logic synthegjgjered such that each level also preserves the properties that are
algorithms, most algorithms that are used are greedy heuristiG§yeserved at a higher level. The levels that we distinguish are:

which cannot be guaranteed to deliver optimal results. In casgs a¢ the lowest level, nothing is changed so the entire structure of
where the algorithms fail to give the expected results, logic synthe- ihe network is preserved.

sis needs to be guided towards a good solution. In BooleDozer, we At this level the fanin and fanout of no net in the logic is

developed several means of controlling synthesis. , increased. This is to avoid any changes that might increase the
The most primitive form of such a control disables synthesis for - ge|ay - assuming that the delay cannot be estimated accurately at
a particular piece of the circuit, the way the “dont_to@etitribute the early stages of synthesis. Optimizations that are done at this

works. Often, the designer wants a more flexible control to take |eye| include making the logic testable by removing redundant
advantage of certain capabilities of the synthesis system, while per- connections; constants are propagated and dangling logic is
forming other tasks manually, either because the synthesis results remgved.
are not satisfactory or the run time is too large. For instance, the at this level, the number of logic levels on any path from any pri-
designer may want to specify the overall structure of a design, but mary input to any primary output will not be increased. This
wants synthesis to perform the mapping. again is to avoid changes that increase delay. At this level we
In the remainder of this paper we will present 4 types of con- assume that delay is mostly influenced by the number of levels
trols: restructuring controls, (which control the level of optimiza- jn a path. Optimization at this level include the sharing of com-
tion), mapping controls, incremental synthesis and execution time mon expressions (but not factoring sub-expressions) and bring-

budgeting. ing signals forward in the logic by forward and backward global
. flow analysis.
2. Restructuring Controls 3. Here only transformations which decrease the number of connec-

A common need in a synthesis system is to have control over the tions are allowed. Due to the heuristic nature of synthesis, we
level optimization. Usually this control will trade-off the amount of ~ cannot otherwise guarantee with certainty that the final logic is
effort (CPU time) against the quality of the result. For instance, ata Not larger then the initial logic. However, common subexpres-
low level it runs the most effective optimizations, attempting to get ~Sions may be factored, increasing the number of levels.

a lot of optimization with little run time. At a high level all avail- 4- At this level the number of connections may temporarily increase
able transforms are run, perhaps even several times. by collapsing cubic factors, however the OR-AND-OR struc-
tures are not multiplied out. This assumes that commutative

M ; . .
1. BooleDozeF is a trademark of IBM Corp. structures are much easier to rearrange for timing than non-com-
2. dont_touchM is a trademark of Synopsys Inc.




