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Abstract nor or insufficient modeling of architectural properties

One architectural feature of modern processorspsc- Furthermore, since both aspects are coupled bylltfe
ulative branch processing In this paper we present a methodology, their effects are mingled and so the individ-
method, to consider branch processing with static timing ual inaccuracies do.
analysis. The determination of path information is crucial Thus, this paper is organized as follows. In section 2,
for the correctness of WCET estimation. To maintain this we describe a modeling technique in order to handle branch
information during development and provide it to the anal- processing architectures. Section 3 will touch the problem
ysis tool is important to know the correspondence betweenof path annotation in order to provide information about
source code and assembly code structures. In the secongiecessary loop bounds as well as about desirable path in-
part of this paper we propose a method to perform a map- formation.
ping between source code and assembly code, using struc-
tural information of the program as well as compiler gener- 2 The modeling of branch prediction
ated debug information.

Analysis block modeling is about finding an appropriate
1 Introduction schedule of the analysis according to the properties of the
instruction pipeline of the processor architecture. The la-
tency of the schedule of the analysis blocks are then taken
. - AT . . as costs for the analysis. Besides others, the methodology
ulation or profiling, static timing analysis collects informa- of breaking the entire execution path into peaces introduces
tion about the program as well as about the arChiteCturaladditional errors. For the sake of being worst case, every

properties of t.he. processors at compile t_ime,. rgther than atanalysis modeling starts with the assumption of an empty
r.unt|me. The timing analysis should prov!denmmg estima- i qtrction pipeline. This modeling artifact means, that
tions aboutworst caseor best casescenarios. Our exper- edges between analysis blocks embody pipeline stalls. This

imental analysis_tool GOMIT [3] is based on thdnteger holds true for some minor counts of analysis block transi-
linear programming (ILPapproach of LAND MALIK [5]. tions, but not in general

It is a general approach by means of applying general tech-

niques for solving optimization problems to static timing 2 1  Critical points at traditional modeling

analysis. ThéLP methodology works well to a certain ex-

tend with respect to reported estimation errors. Although  For now, the analysis structure does not consider inter-
estimation errors are plausible in general, you might won- plock relations given along analysis block transitions, at all.
dering about their sources. It is widely accepted, that they The possible modeling artifacts causing modeling inaccura-
are generally introduced by cies are summarized in table 1.

« path modeling where inaccuracies are introduced by CaseA of table 1 shpws an en_tlre artificial transition by.
the means that there is no pipeline stall at all. The transi-

infeasible paths considered to be feasible or conserva-., ™ . d by the labeled fab h -
tive assumptions of path counts tion is generated by the labeled target of a branch transition

into analysis blockAB;. Note, that this type of transition is
e architectural modeling where inaccuracies come from only possible if the involved analysis blocks are basic blocks

In the area of real time systems static timing analysis of
software is a subject of quite some time. Compared to sim-



Table 1: Modeling artifacts due to the analysis structure

| case | transition |
e transition due to labeled
analysis blockAB;
A)
o artificial transition causes mod-
eling error
e transition due to a unconditiona ) . )
branch, a function call or retury Figure 1: Magnitude and meaning of the values of the anal-
B) from a call ysis edge AB;, AB))
e inaccurate modeling due t
branch modeling within the L . .
analysis blockAB known as branch prediction. To summarize, there is a need
for modeling the control behavior, if the processor architec-
wansition due i ture to be analyzed contains sophisticated branch process-
e (ransition e 10 a conditiona . . . .
beanen H ing. This will also lead to an adapted analysis structure,
2 _ _ since the control behavior of the processor is rather a prop-
* inaccurate modeling of the erty of the analysis block transition then the analysis block
takenandnot takenpaths of the . . .
branch due to branch modeliny |ts_elf. The adapted analysis structure |r_1troduces anew anal-
at the end of analysis blookB; ysis class, here referred to as analysis edge, which repre-

sents the transition between two adjacent analysis blocks.
Figure 1 shows an example. Here, the transitidB ( AB;)
is characterized by cosf; and a countex;;.
or if the analysis blocks are connected by the affiliated ba- o
sic block transition. Thus, the modeling error of this arti- 2-2 Determination of the costs
ficial transition is specified by the possible folding of both
instruction pipelines.

CaseB of table 1 shows a transition between the analy-

The cost;ij depends on the maximum possible folding of
the two pipeline constructiordg and the branch penalty; .
_ > Y~ The value fo;; depends on the construction of the analy-
sis blocksAB andAB; which is generated by an uncondi- - j¢ pjocksaB andAB;. Thereby, different possible pipeline

tional branch at the exit of analysis blodl;, ifthe analysis ., hqtryction have to be taken into account (instruction cache
blocks are connected by the affiliated basic block transition hits/misses). It can be shown, that there is a common value

or the sequence of analysis blocks (line blocks) within a ba- for all edgest model Which fits for all pipeline constructions

sic block. !n first cas.e, the pranch instruption will redi'rect without a great loss of accuracy. With that, the agstan
the execution of the instruction flow. This may result in a be written as:

pipeline stall. But, since the target point of the redirection

is known, the number of stall cycles are much less than the Cij = Vij — |&model 1)

modeled by an empty pipeline of analysis blg&R;. This

leads to a constant degree of folding for the adjacent analy-Note, that the costs of the analysis edges are less then zero

sis block pipelines. This is also the case for function calls or Of zero! The performance measure of the branch processing

returns from a function call. The second case is equivalentiS the branch penalty. In the general case of using a branch

to caseA of table 1. prediction, the possible branch penalties are distinguished
CaseC of table 1 shows a transitions between the analy- PY the following notation:vc (the penalty for a correctly

sis blocksAB; andAB; andAB; andABy due to a conditional predicted taken branch);m, (the penalty for a mispredicted
branch at the exit of analysis blo@®. In addition to the  t@ken branchln (the penalty for a correctly predicted not-

remarks of cas®, this case lacks a diversification of the taken branchknim (the penalty fora mispredicted not-taken
takenandnot—takerexit of the branch. branch).

The effective magnitude of the described modeling ar- 2 3 Modeling constraints
tifacts due to branches depends on the quality of the used
branch processing of the processor architecture. In general, With those preliminary remarks on modeling transitions
the quality of the branch processing is defined by perfor- between analysis blocks, the modeling constraints for the
mance measures of branches and the quality of the predicthree possible cases of table 1 can be specified. In the fol-
tion of the branch target in case of a conditional branch, lowing we want to exemplify this at casg the transitions
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Figure 2: Model for a conditional branch The most trivial architecture is tH#ockingbranch pro-

cessing architecture. Here, the amount of the effective
at a conditional branch. Figure 2 shows the detailed modelPipeline folding is zero and so all costs of the analysis edges

for a conditional branch. coupled with conditional branches. This means further, the
The detailed cost for both transitions at a conditional traditional analysis structure fits best.
branch can now be specified by: In case of speculative branch processing architectures we
want to distinguish betweetonservativeand progressive
i = Vi — |Emodel (2) modeling alternatives.
Cnti = Vnti — |Emodel (3) The conservative modeling alternative is characterized

by a conservative prediction, say the prediction is incorrect
The countersg; resp.xntj are connected to the counters of for all branches. It is easy to itemize the values for the pos-

the affiliated analysis blocks by: sible counter variablegci, Xmi, Xntci, Xntmi fOr Some special
variants offix, staticor dynamicbranch prediction schemes.
Xi =X — Xnti = X] (4) E.g., the values of the conservative modeling for any dy-
Xnti = Xi — Xti = Xk (5) namic prediction scheme are:
For the general case of speculative branch processing, costs Xntei = 0 resp. Xci =0 (9)

and counters can be given for corrggt, Xnici and incorrect Xnti = Xntmi resp. Xi = Xmi (10)
Xemi, Xntmi Dranch predictions:

A more challenging task is the progressive modeling al-
Xti = Xtci + Xemi (6) ternative of dynamic prediction schemes. Since there are

Xnti = Xntci + Xntmi (7) a few, we want to illustrate the methodology at the real

world branch prediction architecture of the proced2mw-

According to the differentiated counters, there are speci-erPC MPC750 of Motorola. This processor has an implicit

fied costsCici, Cimi, Cntci, Cntmi @S Well. They can be derived  prediction given by the branch target instruction cache as

from equations 2 and 3 and the vendor given values forwell as an explicit prediction architecture by a branch his-

Vtc, Vtm, Vntc ahdvntm- - tory table and a 2 bit branch prediction.
The equations for caskand caseB can be specified in The branch history table (BHT) contains the state (bits)
the same manner as shown for conditional branches. for the branch prediction of the particular conditional

Finally, the objective function for thi.P problem must  branches. It behaves fairly like a direct mapped cache. Con-
be extended according to the analysis edge model (figure 1)sequently, a conflict graph, here called BHT conflict graph,
can approximately model this behavior.

fwcet = MaXy .. +v AZAB_ GijXij) (8) Figure 3 shows an exemplary BHT conflict graph. The
(AB5AB;) nodes of the directed graph represent the conflicting instruc-
2.4 Modeling branch processing architectures tions for an entry in the branch history table independently

of the type of instruction (every instruction gets an entry

Since the different costs for different prediction states are into the table).There are two additional nodes for the start
given,we want to focus on the counts»@fi, Xcmi, Xntci, Xntmi s and the end of the control flo& The edges between the
for those different prediction events in this section.Those modes are the possible control flow. If there are transitions
counters are strongly dependent on the used branch processetween the nodes, there are removals of the history state
ing architecture. There are different types of branch pro- bits of the prediction. The transitions that start and end in
cessing architectures which have to take into considerationthe same node represent the hits in the branch history tables,
in case of a conditional branch. In case of an unconditional here given by; or Xjj.
branch, the target is known at compile time and no dynamic  The execution counts of the particular instructions con-
branch prediction is necessary. nect the BHT conflict graph to the analysis graph. For the
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Figure 4: An exemplary branch state transition graph I
instructionby; of figure 3 signifies that: o
Xp = Xii + Xji +Xsi = Xii +Xij + Xie (11) Bk

All other flow informations can be drawn in the same man-

ner. _ _ _ Figure 5: Experimental results for differents modeling tech-
Finally, modeling of the state machine for branch predic- niques on branch processing

tion is left open. First of all and for the sake of simplicity, it

shall be assumed, that the actual 2 bit prediction scheme can

be reduced to the 1 bit prediction. In fact, it can be shown the branch state transition graph and the counter variables

that both prediction schemes have the same worst case sce«c, Xmi, Xntci, Xntmi

nario. Now, the state machine for the branch prediction us-

ing the 1 bit is actually modeled by a directed graph shown Xci = XTi+ XpeTi (19)
in figure 4. In the following, we want to refer to this graph Xntci =  XntNTi~+ XntpeNTi (20)
as thebranch state transition graph Xemi = XtsNTi+ XNTi -+ XtpeNTi (21)

Say, the node (instructio) of figure 3 is a conditional
branch. Then,figure 4 shows the affiliated branch state tran-
sition graph. Both graphs are connected by several relathgre gre only safe assumptions about correct predictions
t!ons.F|_rst _of aII,_the_ execution count of the node (m_struc— (Xci rESPXntci ), in case of those transitions which start and
tion) b is fix, which is equal to the sum of all predictions, - gnq iy the same node of the branch state transition graph.
predicted em takerxt;) or predictechote taker(xnTi): In addition, there is a possibility to leave the graph while a

x5, (BHT) = Xri + XuTi (12) correct prediction occuredipeti r€SP.XntpeNT)-

Xntmi = XntsTi+ XntTi + XntpeTi (22)

Then, it is pretty easy to set up the necessary flow equa—2'5 Experiments

tions for both possible nodes: Figure 5 shows some experimental results of some com-

mon benchmarks. The benchmarks are measuredPowa

TS XpsNTiE XeTi X 13 erpcmpPCTo plattform which provides a 2 bit explicit dy-
= XTi+ XntTi+ XpeTi (14) " namic branch processing technique supported by a branch
XNTi = XntpsTit XntNTi+ XntTi (15) history table of 512 entries. The shown diagrams of figure 5
= XntNTi -+ XNTi + XpeNTi (16) are then the relative (to the measurements) prediction errors

of the analysis results. The different models are refering
The nodepsiis the target for all those edges of the BHT to the architectural modeling without modelinggdel 3,
conflict graph which comes from other nodes than filgm  with a conservativeniodel 3 and with a progressive mod-
The nodepeiis the source for all edges of the BHT con- eling (model 3 of the branch processing of that processor.
flict graph which leave the nodl, but do not target to  To summarize, figure 5 shows a significant prediction gain
bi. Thereby, there is a uncertainty, whether these decisionsor the benchmarksortandchk_dataand a decent predic-

about the branch direction are correct or not: tion gain for all others.
XpeTi = XtpeTi+ XntpeTi (17) 3 Determination of Path Information
XpeNTi = XntpeNTi+ XtpeNTi (18)

In general it is not possible to determine the WCET of

Finally, the interpretation of the particular variables of a program without any knowledge about the input data.

the branch state transition graph is the most important stepHowever it can be difficult to determine the input data,
The following equations establish a connection betweenthat causes thworst case Instead of information on in-
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Figure 6: Transformation of manual annotation Figure 7: The control tree and the corresponding C code

o . , _ 4 Conclusion
put data, static timing analysis needs information that re-

strict the number of possible program paths. The maximum  For accurate WCET analysis it is important to determine
iteration count of loops is necessary to guaranty programarchitectural properties as well as path information, espe-
termination. Information on infeasible paths describes de- cially loop bounds. We presented methods for modeling
pendencies between program parts. Though its annotatiorbranch processing architectures and for transforming path

is not absolutely necessary, it leads to tighter estimation.information from source level to assembly code level.
This information can be provided by manual annotation of

the user or by automatic flow analysis. References
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