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Abstract and simulation methodologies are essential to ex-
plore the enormous design space of possible architec-
In this paper we focus on the derivation of optimal ture/compiler co-designs.

code when generating high-speed event-driven com- |n the following, we list some significant ap-
piled simulators for processor architectures described proaches aiming at architecture simulation. Today’s
on register transfer level (RTL). The simulators’ gen- simulation techniques include the flexible but often
eration is part of a framework, which aims at archi- very slow interpretive simulation and faster compiled
tecture and compiler co-generation for special pur- simulation. The simulation can be performed at the
pose processors. The main contribution of this paper different levels of abstraction starting from gate level,
is an efficient algorithm to generate optimiéthen-  register transfer level, up to instruction-set (IS) level.
elsestructures in order to perform the update cycle The lower the abstraction level used, the higher simu-
during the event-driven simulation process. Our ap- lation flexibility is achieved but at the same time the
proach guarantees that during one simulation cycle a simulation speed dramatically slows down. Nowa-
possible change of each register content is checked exdays, the IS simulators are widely used in the domain
actly once and that each register is updated at mostof application specific instruction set processors be-
once. Additionally, the proposed technique minimizescause of their extremely high simulation speed.
the code size of the generated simulator. The_ simu- | [4], a fast retargetable simulation technique im-
lator’s superior performance compared to an existing proyes traditional static compiled simulation by the
commercial simulator is shown. Finally, we demon- | siization of the host machine resources.

strate the pertinence of our approach by simulating a FastSim [10] and Embra [12] simulators use dy-

MIPS processor. o : . .

namic binary translation and result caching to improve
simulation performance. Embra provides a high per-
formance but it is restricted to the simulation of only
the MIPS R3000/R4000 [1] architectures.

Today, due to the increasing complexity of proces-  The architecture description language LISA [9] is
sor architectures, 70-80% of the development cyclethe basis for a retargetable compiled approach aiming
is spent in validation. Here, beside formal verifica- at the generation of fast simulators for microprocessors
tion methodologies, simulation based validation plays €ven with complex pipeline structures. LISA is also
an important role. Furthermore, cycle-accurate andused as entry language in the MaxCore framework [3]
bit-true simulations are necessary for the debug pro-Which automatically generates fast and accurate pro-
cess when mapping applications to a not physically C€ssor simulation models.
available architecture. Moreover, in the domain of ar-  Inthe BUILDABONG framework ([11], [5], [6]), a
chitecture/compiler co-design for application-specific cycle-accurate model of the register transfer architec-
instruction set processors (ASIPs), fast estimationture using the formalism of Abstract State Machines

1 Introduction



(ASMs) is generated. Here, a convenient debuggingdet-sensitivity_update_mappings_list(G)
environment is generated but the functional simulation 1  IN: G(V,E)
is not optimized and can be performed only for rela- 2 OUT: sensitivity-update-mappings lit
tively simple architectures. The problem of this ap- 3 BEGIN
proach is that the simulation engine is based on a li- 4 integeri < 0;
brary operating on bitstrings which is relatively slow. 5 FOR all sequential elementse V,. DO
6
7
8

This paper is based on our work presented in [7], 11+ 1; vy v,
where we proposed a mixed register-transfer level {trys...,ur, } — DFS(G,v);
compiled simulation technique where the simulator is Li — (vp;y {ttrys ooy up, });
automatically extracted from a RTL description and 9 ENDFOR
the application program is compiled prior to simulator- 10 RETURN L;
run. In this paper we present a novel strategy in orderll END
to derive optimal simulators. Optimal in terms of a
minimal number of comparisons, re-evaluations, and Figure 1. Algorithm to extract a sensitivity-
as secondary goal also the code size is minimized. update-mappings list L from the RTL netlist

The rest of the paper is structured as follows: 9iven as anetgraph.
In Section 2, the basic concepts when generating
high-speed optimized event-driven bit-true and cycle-
accurate compiled simulators are described. Here, aeconfigurable arrays some inactive cells do not per-
given graphical architecture description is transformedform any signal changes from cycle to cycle, espe-
into a graph representation. The main focus of the pa-cially those parts which are responsible for the recon-
per is on thef-Then-Else trees extraction algorithm figuration process. That is why, it is very reasonable
In Section 4, experiments and a case study when sim-not to recompute onpdatethese regions in each sim-
ulating a MIPS processor are presented and the resultsilation cycle.
of our simulation approach are compared to an existing
commercial simulator. Finally in Section 5, the paper Definition 2.1 (Sensitivity-update-mapping) A
is concluded with a summary of our achievements andSensitivity-update-mappindefines a set of sequential
an outlook of future work directions. elementd/ = {uy,...,u,} of the circuit which must
be recomputed if a sequential elemephas changed
it's value compared to the previous simulation cycle.
It can be represented by the following notation:
(v — U) or (v, — {uq,...,up}).

2 Efficient RTL Simulation

As our objective is a cycle-accurate and pipeline-
accurate bit-true simulation of a given computer archi- A given RTL netlist can be seen as a hypergraph,
tecture, the architecture’s behavior have to be simu-where the elements and nets are vertices and edges,
lated at the RTL level. Such a behavior may be de- respectively. This hypergraph can be transformed into
scribed by a set of guarded register transfer patternsa graph by the introduction ofrsetgraphconcept.
[8]. From a hardware-oriented point of view, regis- Definition 2.2 (Netgraph) A netgraphG = (V, E),

ter transfers (RT) take place during the execution ofE C V x V is a directed graph containing two dis-

each machine cycle. During a RT, input values are. . . .
y 9 » INP! joint sets of vertice’ = V, U V,, representing the
read from a set of storage elements (registers, memory

cells, etc.), a computation is performed on these Val_sequential elements or registdrs and combinational
S P P elementd/, of a given netlistv = (V, F'). Netlist in-

ues, and the result is assigned to a destination, whicl}erconnections are represented by directed edges
is again a set of storage elements. (vi,09) € B P ’
1, 02 :

Often, it can be seen that not all regions of the
given circuit are involved in its entire functional pro- From a given RTL circuit represented as a netgraph
cess during any significant time interval. For exam- a list of sensitivity-update-mappingsn be found ac-
ple, in such architectures as FPGASs or coarse-grainectording to the algorithm in Fig. 1. This algorithm
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(a) code structure with a complex condition structure to
check the set of input registers and with expressions
@ to update all possible output registers in the current
subgraph. The whole sensitivity-update routine is a
set of such independent IF-THEN structures. In spite
of the decomposition algorithm guarantees that each
register is updated at most once during each simula-
tion cycle, it only minimizes the number of compar-
isons in the conditions using a heuristic. So, during
one simulation cycle, some registers are still analyzed
whether they changed with respect to the previous cy-
cle more than once which leads to inefficient simula-
tion. In this context, we present in the following a new
method to generate efficient simulation code by repre-
(b) senting the sensitivity-update routines by a set of so-
phisticated nested IF-THEN-ELSE structures. To ex-
| F (condl) THEN tract such IF-THEN-ELSE code structures which en-
{ exprl; able efficient RTL simulation with the minimal num-
| F (cond2) THEN . . :
expr 2 ber of register updates and register comparisons.
} We represent an IF-THEN-ELSE code structure as
ELSE a binary tree, consisting of two kinds of nodes: condi-

{ IF (cond3) THEN tion and expression nodes.
expr 3;
}

expr3 [

+ +
expr 2 @ exprl @

Definition 2.3 (ITE tree) An IF-THEN-ELSE tree
(ITE tree)is a binary tree where every node is either of
Figure 2. ITE tree (a) and appropriate IF-THEN- type conditionor expression Every condition node’s
ELSE code (b). left subtree represents the expressions of an appropri-
ate IF-THEN-ELSE code structure when the condition
is true, and every right subtree represents the expres-

determines the initiakensitivity-update-mappingss sions that mus_t be evaluated if_ Fhe condition is false.
follows: if there exist a directed path from one reg- | N€ root node is always a conditional node.
ister v,, to an other register,, and on the path be-
tween these registers are no other sequential elements, In Fig. 2 an example of an ITE tree and the appropri-
then if the value ob,, changesy,, has to be updated ate IF-THEN-ELSE code is presented. The subset of
by evaluating the path of combinational elements in expression nodes is shown as rectangles and the subset
between. We can writeL = {{J; L;} with L; = of conditional nodes is presented by ellipses. To gen-
(Ur;, {ttry, ..., up, }). A setof such initial sensitivity-  erate an appropriate IF-THEN-ELSE code all of the
update-mappings and evaluation paths can be achievedodes of the given ITE tree must be traversed, this can
by a search algorithm likdepth-first searcfiDFS). be done by using a DFS algorithm. The conditions
In [7], we presented a graph decomposition algo- read from the root condition nodes or from the con-
rithm. The algorithm transforms a graph representing dition nodes direct parent of which is an expression
a given RTL circuit into subgraphs, denoting the min- node, must be placed into the IF-part of the IF-THEN-
imal subsets of sequential elements which have to beELSE code structure, and all of the other conditions
reevaluated during each simulation cycle. The condi-are placed into the ELSE-part of the code.
tions of the sensitivity-update routine in the generated To generate efficient IF-THEN-ELSE-code any
simulator can be directly extracted from the set of sub- path of the ITE tree must not contain the nodes with
graphs. Each subgraph corresponds to one IF-THENthe same expressions. Such ITE tree we gatimal
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extract_ite_trees(G)
1 IN: G(V,E)
2 OUT: SetofIf-Then-Else tre€s;
3 BEGIN
4 //IFind sensitivity-update-mappings list
5 /st elementl; = (v,, — U;),i=1,...,N
6
7
8

L — get_sensitivity_update_mappings_list(G);
/[Break sensitivity-update-mappings list into grofysi = 1,...,1
IL=S,USyU...US8:95 ESZ':£82€S]‘:SQ:$1,7;#]';
9 S ={51,...,5} «— decompose_sensitivity_update_mappings_list(L);

10 integeri « 0;

11 FOR all sensitivity-update-mappings group®©

12 i — 141

13 /Isorting mappings in descending order (criterig ig;| for each mapping )
14 sort_mappings_in_group(S;);

15 /[Create an If-Then-Else Tree for each group independently

16 T; < group_to_tree(.S;);

17 ENDFOR

18 END

Figure 3. If-Then-Else optimal trees extraction algorithm

In a technical implementation of a compiled RTL rithms used by the main algorithm are presented.
simulator some registers would have to be updated The worst-case running time of the IF-THEN-ELSE
more then once during the same simulation cycle. trees extraction algorithm 8(|V|?). Since, this com-
Moreover, in order to determine a new event in the plexity influences only the generation of the simulator
simulation system some registers must be comparedt can be tolerated. This algorithm is applied only dur-
with respect to their value in a previous simulation cy- ing the generation process of the simulator and doesn’t
cle more than once too. These facts make the overaleffect the simulation speed.
simulation process inefficient. In order to avoid such  First, the algorithm performs a DESn order to
multiple updates and comparisons, in the next sectionextract the unique set afensitivity-update-mappings
we present an optimal ITE trees extraction algorithm such that, each left hand side of them has only one

to enable high speed simulations. register (see the algorithm in Fig. 1). This set is placed
into list L. Then, the listL is broken into indepen-
3 If-Then-Else Trees Extraction Algorithm dent groups by applying a decomposition algorithm as

described in Fig. 4 such that any two groups do not
contain the same mapping. The grouping of thellist
allows to terminate same subtrees in all paths of the

) : ITE tree, which, actually, doesn’t effect the simula-
resent all RTs of a given RTL architecture as a set of . - L .
. . L tion speed, but significantly minimizes the size of the
optimal ITE trees which denote the minimal subsets of . .
code of the generated simulator. The grouping also

sequential elements which have to be recomputed dur- : .
; . . .. . . decreases the complexity of the algorithm. In the next
ing one simulation cycle and (ii), to define the minimal

. . . ... ___phase of the ITE trees extraction algorithm the map-
number of registers compare operations in conditions’ . . : o
. pings are sorted in descending order. The criteria of
of the generated simulator code for RT updates. In o . .
. . . . sorting is the number of elements in the right-hand
Fig. 3, an algorithm to derive an optimal set of ITE

treesT; is given as pseudo-code. For the sake of clar-  ithe pFs is modified such that, if a sequential nedefound
ity, in Fig. 1, Fig. 4, and Fig. 5 the additional algo- no outgoing edges af traversed anymore.

Now, we propose a novel algorithm, we c#llE
trees extraction algorithrwhose purposeis, (i), to rep-
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decompose_sensitivity_update_mappings_list(L)

1 IN: L
2 OUT: Set of sensitivity-update-mapping grougs
3 BEGIN
4 //Build adjacency matriX (|V;| x |V;|)
1, if 3L; : (vp, — uy,),
5 Mg = 0, otherwise; ’
6 //Sorting the rows of\/ in descending order (criteria is a sum of the elements in each row)
7 sum_in_rows[1..|V,|] < get_sum_in_rows(M);
8 sort_rows(M, sum_in_rows);
9 //Arrange the sensitivity-update-mappings in independent groups
10 List[] S;
11 integergrldx «— —1;
12 FORi=1TO (|V,|] — 1) DO
13 IF (row_is_marked(i, M)) THEN
14 grldr «— grldx + 1,
15 SlgrIdx] « 0; S[grIdz]).add-mapping(i);
16 FOR j =1TO (|V,|) DO
17 IF (M][i,j] == 1) THEN
18 FOR ii =i+ 1TO (|V,|) DO
19 IF (!row_is-marked(ii, M)) THEN
20 mark_row(ii, M ); S[grIdx].add-mapping(ii);
21 ENDIF
22 ENDFOR
23 ENDIF
24 ENDFOR
25 ENDIF

26 ENDFOR
27 RETURN S;
28 END

Figure 4. Decompose the list of sensitivity-update-mappings algorithm

side of the mapping U|) (see Definition 2.1). And fi-  update-mapping. For the same subtree all conditional
nally, all sorted sensitivity-update-mapping groups are nodes are different as they are extracted from dif-
sequentially converted to ITE trees. This is done in the ferent sensitivity-update-mappings with different in-
group_to_tree(.S;) algorithm described in Fig. 5. The dicesn (as we know, there are no mappings with the
process of tree formation is done in such manner thatsame left-hand part in a given list of sensitivity-update-
in all subtrees of the tree the expression and conditionmappings). In line 14 of the algorithm in Fig. 5 the ex-
nodes will be included only once. This fact provides an pression node is formated by the subtraction of the set
optimality of the algorithm, because during one simu- of the registers in right-hand side of the current map-
lation cycle only one branch of the ITE tree or only ping with the maximal set of registers in right-hand
one branch of the IF-ELSE code can be executed. Theside (the very first mapping in each group). This al-
kernel of the algorithm in Fig. 5 is the construction lows to avoid multiple updates of the registers in one
of left subtrees of the ITE tree (see lines 7-18). The branch or subtree of the ITE tree. Hence, the con-
conditional nodes are inserted into a subtree at lineverted ITE tree has a minimal number of conditions
11 by extracting the left-hand side of the sensitivity- and update expressions, which shows its optimality.



group_to_tree(.S;)

1 IN: sensitivity-update-mappings growp
2 OUT: If-Then-Else tredl;
3 BEGIN
4 TreeT; « init_tree();
5 T;.set Root N ode(S;.get_mapping(1).getVr());
6 FORm=1TO (|S;| - 1) DO
7 Setle ftSubTree « (;
8 IF (m # 1) THEN T;.appendRightChild N ode(S;.get_mapping(m).getVr());
9 leftSubTree.add(S;.get_mapping(m).getU());
10 FOR n = (m + 1) TO |S;|DO
11 cond — S;.get_mapping(n).getVr();
12 SettmpU; < S;.get_mapping(m).getU();
13 SettmpUs < S;.get_mapping(n).getU();
14 Setexpr « tmpUs\tmpUy;
15 IF (expr # () THEN leftSubTree.add(cond, expr);
16 ENDFOR
17 PointertmpTreePos < T;.get_current_pos();
18 T;.appendSubTree(le ftSubTree);
19 T;.set_current_pos(tmpTreePos);
20 ENDFOR
21 RETURN 7T;;
22 END

Figure 5. Convert sensitivity-update-mappings group into ITE tree algorithm

And therefore, the IF-THEN-ELSE code is generated
according to deep-first traversing of the ITE trees and
will perform the most possible efficient register up-
date. The comparisons will be done only once for the
registers that must be analyzed. The number of up-
dates for each register will be at most one during one
simulation cycle.

3.1 Example of ITE Trees Extraction

In the following, we will illustrate the main steps of
the ITE trees extraction algorithm with a simple exam-
ple. Let be a set of sensitivity-update-mappings given:

{r1} — {rs,r¢, 7,78} {re} — {r1,r2}

{ro} ¥—{re, 7} {re} — {rs}
{rs} — {rr,rs} {rs} — {ra}
{ra} — {rs} {ro} = {rs,ma}
{rs} — {r7}

We can refer each sensitivity-update-mapping
by the name of the register in the left-hand side

6

because in a left-hand side of a mapping there is
only one register according to definition 2.1, and
in the list of sensitivity-update-mappings there
are no mappings with the same left-hand side.
Then, we group the mappings from the given
list of sensitivity-update-mappings by thele-
compose_sensitivity_update_mappings_list(L)
algorithm. Basically, this algorithm unite in one
group only those mapping whose sets of registers
in a right-hand side are the subsets of the set of the
registers in a right-hand side of another mapping
in the same group. For instance, mappingin a
right-hand side has the set of registérs, 7} which

is a subset of the set of registers in the right-hand
side {rs,r¢,77,73} of the mappingr;. Thus, the
mappingsr; and ro are put in the same group by
the algorithm. In such manner all other mappings
are analyzed and put into the certain groups. As the
result of applying the sensitivity-update-mappings list
grouping algorithm described in Fig. 4 we obtain 3
groups:



Sensitivity-update-mappings list

ril—{r51r6,r7,r8}
r2—{r6,r7}
r3—{r7,r8}
r4—{r8}
r5—{r7}
r6—{ril,r2}
r7—{r3}
r8—{r4}
r9—{r3,r4}

Figure 6. ITE trees extraction algorithm re-
sults.

Group l:  (r1,79,73,74,75)
Group Il:  (7¢)
Group Ill:  (r7,78,79)

right-hand side and other mappings rs have there
only one register, the mapping is put on the first
position.

And finally, an algorithm reading a group of map-
pings and generating an appropriate ITE tree can be
applied to obtain an ITE optimal tree for each group of
sensitivity-update-mappings.

In the following, a part of the generated compiled
simulator is shown for the ITE trees represented in
Fig. 6.

IF ( 1) THEN update( r5,r6,r7,r8);
ELSE
IF ( r2) THEN
{ update( r6,r7);
IF ( 73||r4) THEN update( 78);

}
ELSE
IF ( r3) THEN update( r7,r8);
ELSE
IF ( r4) THEN

{ update( r8);
IF ( »5) THEN update( r7);
}
ELSE
IF ( »5) THEN update( r7);
IF ( r6) THEN update( r1,r2);
IF ( »9) THEN update( r3,r4);
ELSE
IF ( r7) THEN
{ update( r3);
IF ( r8) THEN update( r4);
}
ELSE
IF ( »8) THEN update( r4);

Sorting the sensitivity-update-mappings in each groupg4 Experimental Results and Case Study

with criteria of the number of registers in the right-
hand side of sensitivity-update-mappings will reorder
the mappings in the third group:

Group I (r1,72,73,74,75)
Group Il: ~ (r)
Group Ill: ~ (rg,r7,738)

In Group lll, since mappingy has two registers in

We performed a number of tests to measure the
number of comparisons and the number of updates by
using the proposed IF-THEN-ELSE trees extraction
algorithm. Applying our new algorithm, leads to a re-
duction of comparisons up &0% and the same opti-
mal number of register updates compared with the re-
sults of the decomposition algorithm, presented in [7].



Table 1. Simulation results of the MIPS processor

MIPS R3000 SUN SUN SUN Scirocco| Linux Linux
(GMP) | (Integer) (VHDL) (GMP) | (Integer)
Simulation speed, CP$ 253807 | 3448280 9940 540541| 9090920

As a realistic case study, a simulator for the MIPS
R3000 32-bit processor has been generated and eval-
uated, too. Table 1 shows the simulation performance
of the MIPS processor using our approach compared
to the existing commercial RTL Scirocco simulator
(in event-driven mode) (Synopsys) [2]. In the ta-
ble, the performance results were obtained using (i) a
Sun workstation running Solaris 2.9 with a 900 MHz
UltraSPARC-III processor and (ii), a Pentium IV at
2.5 GHz with 1 GB RAM running Linux SuSe 8.0.
A notable improvement in simulation speed of almost
two magnitudes compared to Scirocco is shown. Up to
9 mill. machine cycles per second were demonstrated
here at RTL which is equally fast or faster than most
compiled instruction-level simulators.

5 Conclusions

In this paper we proposed a new approach for the
derivation of optimal code in order to generate high-
speed event-driven compiled simulators for proces-
sor architectures described on register transfer level.
Namely, an efficient algorithm to generate optirtial
THEN-ELSEstructures in order to perform the up-
date cycle during the event-driven simulation process
is presented. The algorithm guarantees that during
one simulation cycle a possible change of each register

content is checked exactly once and that each register10]

is updated at most once. The simulator’s superior per-
formance compared to an existing commercial simula-
tor is shown. Finally, we demonstrate the pertinence
of our approach by simulating a MIPS processor.

(11]
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