
 1 

Code Size Aware Compilation for Real-Time Applications 
 

Huiyang Zhou 

Department of Computer Science 

University of Central Florida 

zhou@cs.ucf.edu 
 

Abstract 

Statically constructed plan of execution (POE) and aggressive instruction level parallelism (ILP) 

exploitation make EPIC/VLIW processors appropriate for high performance real-time systems. On the 

one hand, the compiler controlled POE makes the worst-case execution-time (WCET) analysis more 

accurate as run-time variations are minimized. On the other hand, the compiler can leverage ILP 

optimizations and instruction scheduling to explicitly reduce the WCET of real-time tasks, which in 

turn improves the system level schedulability. The ILP optimizations, however, could result in 

excessive static code size increase if they are not performed carefully, which incurs additional system 

cost and potential performance degradation due to the affected I-cache performance. In this paper, we 

propose a low complexity, systematic way to selective perform the code size related ILP optimizations 

including if-conversion, loop unrolling, and tail duplication, so that the WCET is significantly reduced 

at the cost of minor static code size increase. We also show that the coupled instruction scheduling 

algorithm, treegion scheduling, suits the real-time systems well due to its capability to optimize 

multiple control paths simultaneously.  

1. Introduction 

Due to the advantage in hardware complexity and power consumption, EPIC/VLIW style processors 

[25] are widely used in media-based embedded systems. The design philosophy of EPIC/VLIW 

processors places the compiler in control of the plan of execution (POE) and uses the compiler to 

exploit the rich instruction level parallelism (ILP) features provided by the hardware to achieve the 

high performance. Such design philosophy makes EPIC/VLIW processors appropriate for high 

performance real-time systems. On the one hand, the compiler controls POE so that the worst-case 

execution-time (WCET) analysis can be more accurate since run-time variations (e.g., due to dynamic 
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instruction scheduling) are minimized. The hardware features of EPIC/VLIW processor such as static 

branch prediction and explicit cache level specification also help to reduce the run-time variations due 

to dynamic branch prediction and caching effects. On the other hand, the compiler can leverage 

aggressive ILP optimizations and instruction scheduling to explicitly reduce the WCET of real-time 

tasks, which in turn enhances the system level schedulability. The ILP optimizations, however, could 

result in excessive static code size increase if they are not performed carefully, which incurs additional 

system cost and even potential performance degradation due to the affected I-cache performance. 

In this paper, we propose a low complexity, systematic approach to selective perform the code size 

related ILP optimizations including if-conversion, loop unrolling, and tail duplication, so that the 

WCET is significantly reduced at the cost of minor static code size increase. Our approach is based a 

notion of code size efficiency of each ILP optimization instance. The code size efficiency is defined as 

the ratio of the WCET reduction over the static code size increase associated with each individual ILP 

optimization instance. Since the WCET calculation requires compiled/scheduled code, we propose a 

set of performance bounds to evaluate the WCET reduction. These performance bounds have low 

computational complexity and yet capture instruction-scheduling effects accurately so that the 

computationally expensive instruction scheduling is not necessary. Then, a general framework is 

developed to selectively perform the ILP optimizations based their code size efficiencies. The 

experimental results show that our approach achieves remarkable WCET reductions and increases the 

static code size slightly for most workloads.   

The remainder of the paper is organized as follows. Section 2 discusses background work. Using 

performance bounds to evaluate the WCET reduction is contained in Section 3.  Section 4 presents the 

algorithm to selectively perform ILP optimizations. The experimental methodology and results are in 

Section 5.  Finally, Section 6 concludes the paper and discusses future work. 
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2. Background 

2.1. Real-time systems scheduling and WCET analysis 

In real-time systems, a task needs to satisfy both functional and temporal requirements to achieve 

overall correctness [7][16]. The functional requirements are defined based on program semantics to 

generate correct outputs from inputs and the temporal requirements define the upper bounds (or 

deadlines) and lower bounds in time for such input-output transformation. A real time system may 

have many such tasks (periodic or sporadic) and they are scheduled (called task scheduling) to meet 

the overall timing requirements of the system. 

In order to guarantee a task to be finished by a specified deadline, the worst-case execution-time 

(WCET) analysis, either statically or dynamically, is commonly used. Task scheduling then sets 

different priorities for different tasks accordingly. Due to its evident impact, task scheduling for real-

time applications is an active research topic. In this thesis, we look at the problem from a different 

point of view. Instead of focusing on task scheduling algorithms, we focus on intra-task instruction 

level scheduling; more specifically we explore ILP optimizations and instruction scheduling to reduce 

the WCET of each task. The reduction in WCET is important since (1) it can reduce the WCET of a 

task to make it meet its deadline specification; (2) it enables the processor to serve more tasks, thereby 

achieving better utilization; (3) the system can run at a lower frequency/voltage to save power/energy 

when enough slacks can be produced. 

Most of previous work on real-time scheduling takes the compiled task programs as input and 

perform either static or dynamic timing analysis to determine the WCET. Little work is done at 

instruction level (optimization or scheduling) to reduce the WCET. Gerber and Hong [7] proposed a 

scheduling approach called structural code motion. First, the task-level timing requirements are broken 

down into the event level. A new language based on the C language, called the Time-Constrained 
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Event Language (TCEL), is developed to express detailed event-based timing constraints. Then, the 

code is partitioned into sections based on observable events. Trace-based scheduling [6] is used to 

schedule each section. The critical traces (i.e., the traces whose execution time is larger than the timing 

constraints) are examined and code motion may be performed to move operations across sections to 

make the WCET relationship between observable events meet the timing constraints. Such code 

motion can be unconditional (or safe) or control speculative. Since trace scheduling focuses on one 

trace at a time, such code motion results in considerable bookkeeping codes and could potentially 

increase the criticality of other traces. As a result, the critical paths are repetitively checked and 

scheduled. Compared to this approach, our approach uses treegion based scheduling [10], which 

enables speculation from multiple control paths simultaneously and limits the enumeration of critical 

paths, and explores various ILP optimizations to reduce WCET. Another technique to increase task 

schedulability is based on the concept of imprecise computation [8][17]. If the purpose of some 

computation is known statically as refining the results, such computation can be skipped without 

affecting system sustainability, i.e., the quality of computation is traded for the timeliness of the 

results. 

In [15][27], algorithms have been proposed to schedule instructions with timing constraints (release 

times and deadlines) on ILP processors. These algorithms are targeted toward single-issue pipelined 

processors and work on the basic-block (BB) level. The proposed algorithms guarantee to find a 

feasible schedule for a range of special cases. 

2.2. Treegion scheduling for EPIC/VLIW processors 

Treegion scheduling [10][29] is an aggressive global instruction-scheduling algorithm proposed for 

wide issue EPIC/VLIW processors. It has two steps: treegion formation and tree traversal scheduling 

(TTS). A treegion is a single-entry/multiple-exit nonlinear code region that consists of basic blocks 
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(BBs) with the control-flow forming a tree, as illustrated in Figure 1. Based on the control flow graph 

(CFG) in Figure 1a, two treegions are formed. The treegions that are formed without any tail 

duplication are referred to as natural treegions. When the tail duplication [3][22] is applied, a larger 

treegion can be formed. For the example CFG in Figure 1a, after the BB7, BB8, and BB9 are 

duplicated and the corresponding unconditional branches are removed, one treegion is formed 

containing all the BBs in the CFG, as shown in Figure 1b. Such duplication enables the speculation 

from BB7, BB8, BB9 and their duplicates, thereby increasing ILP. The trade-off for exposing ILP 

through treegion formation is the code-expansion resulting from the duplicates of BB7, BB8 and BB9. 

 

 

 

 

 

 

Figure 1. (a) The CFG and the treegions constructed; (b) The treegion constructed after the tail duplication. 

During the tree traversal scheduling (TTS), the BBs in a treegion are scheduled in a predetermined 

traversal order based on the treegion topology and profile information. When a BB is currently being 

scheduled, those instructions that are dominated by the BB will be considered as scheduling candidates 

until the block-ending branch is scheduled. By this way, it enables the control speculation1 from all the 

paths starting from the BB. The candidate instructions are scheduled based on an order determined by 

a heuristic that includes their execution frequency, exit count, and data dependence height. The details 

                                                
1 In this paper, the data speculation is not considered as it involves recovery code and could potentially increase WCET. For 
control speculation, such recovery is not necessary as real-time programs are well behaved and would not throw an 
exception in normal execution. So, we assume the deferred report of an exception [19][13]is enough when an exception 
really happens.  
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of tree traversal scheduling can be found in [29]. In this paper, we modify the original TTS algorithm 

to be profile independent since the objective here is to optimize the worst-case scenarios instead of 

optimizing the most frequently executed paths.  

3. Using Performance Bounds to Evaluate the WCET Reduction 

3.1. Performance bounds at instruction scheduling region level  

Actual WCET computation requires the scheduled code, which implies that the computationally 

expensive instruction scheduling needs to be performed. Since we are interested in the WCET 

reduction resulting from ILP optimizations instead of the actual WCET, we propose to use 

performance bounds based on the un-scheduled code to estimate the WCET. The reduction in 

performance bounds then reflects the performance potential in the WCET reduction. In order to capture 

instruction-scheduling effects accurately, we define such performance bounds at the granularity of the 

instruction-scheduling region level. It is important since the instructions are not moved across the 

scheduling region boundary but are moved inside the scheduling region during the instruction-

scheduling phase. 

Many instruction scheduling algorithms such as superblock scheduling [12], hyperblock scheduling 

[20], and treegion scheduling use a single-entry multiple-exit code region as a basic scheduling region. 

We define the lower bound of worst-case execution time (LBWT) of such a region as Equation 1: 

( )[ ]ipathipath
ipath

ipath
ipath

boundresourcebounddependencedataMaxMax

LBETMaxLBWT

__
_

_
_

_,__=

=
   (1) 

As shown in Equation 1, the lower bound of WCET (LBWT) for a multi-path region is simply the 

maximum of lower bound execution time (LBET) of each path, which is computed as the maximum of 

the data dependence bound and the resource bound of the path. True data dependence height of Data 

Dependence Graph (DDG) is used as the data dependence bound assuming software renaming is 
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available at schedule time to remove false register dependencies. By calculating the data dependence 

bound along each path, the potential control speculation effect is captured implicitly as control 

dependence is not enforced. Also, using only the true data dependence simplifies the bound 

computation as it is an O(N) computation, where N is the number of instructions along the control path. 

Resource bound in Equation 1 is calculated similar to the ResMII calculation in iterative modulo 

scheduling [24], as follows. 

 )__(_ _ kk
k

ipath FUNumInsnNumMaxboundresource =     (2) 

In Equation 2, Num_Insnk represents the number of operations that use the function unit type k. 

Num_FUk represents the number of the function units of type k available in the processor. The ratio 

(ceil) of these two numbers shows the resource constraints of the function units of type k. Then, 

resource bound is calculated as the maximum constraint among all types of function units. 

Note that in Equation 1, the LBWT of a multi-path region means that the worst case of control flow 

(i.e., the path with longest execution time) is assumed while the lower bound execution time (LBET) is 

used for each path. Since such a lower bound is used, the actual execution time along the longest path 

could potentially exceed this lower bound. So, it apparently conflicts the purpose of the WCET.  

However, remember that we use the changes in LBWT to measure the impact of WCET reduction due 

to code optimizations instead of using LBWT directly as the final WCET measure. Using LBET 

eliminates the computationally expensive instruction scheduling and yet provides an accurate estimate 

of the actual execution time. Moreover, this LBWT can be used to check the soundness of the deadline 

setting: if the predetermined deadline exceeds the LBWT, it is impossible that the task can be finished 

in time when the longest control path is taken. In such a case, the system has to reassign the deadlines, 

adopt a more powerful processor, or optimize the code more aggressively. 
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3.2. Performance bounds at function and program level 

Computing LBWT at function level is complicated due to complex CFG and multiple regions in a 

function body. Here, we use a similar approach to the static WCET analysis for scheduled code, in 

which the analyzer derives the WCET for each path, then for loop bodies, and finally for functions in 

the program. The WCET of the main function is simply the WCET for the entire program. Compared 

to this path-based static analysis approach for scheduled code, treegion-based LBWT provides an 

efficient way to capture the treegion scheduling effect accurately and limits the numeration of the 

possible control paths. Next, we use an example to derive this treegion-base LBWT analysis (though 

the same derivation applies to any single-entry multiple-exit type of scheduling region). We start with 

an innermost loop body, which may contain more than one treegion. One such example is shown in 

Figure 2. 

 

 

 

 

 

 
 
 

Figure 2. The LBWT for the innermost loop body. 

The CFG in Figure 2 represents an innermost loop body containing three treegions. To account for 

the control dependencies among these treegions, we extend Equation 1 to Equation 3 to compute 

LBWT for each treegion. The LBWT for treegion 0 in this example is then the LBWT for the 

innermost loop body. 

LBWT = Max(LBETpath_1+LBWTbase_path_1, …, LBETpath_k+LBWTbase_path_k)  (3) 
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In Equation 3, LBWT of a treegion is computed as the maximum of LBWT of every path in the 

treegion, which is turn defined as the sum of LBET of the path (LBETpath_i) and LBWT of the treegion 

that the path leads to (LBWTbase_path_i). The term LBETpath_i is defined as before, i.e., the maximum of 

the data dependence bound and the resource bound. The term LBWTbase_path_i is computed recursively 

using the same Equation 3. For exit paths or return paths, such LBWTbase is zero. For the code example 

in Figure 2, the overall LBWT (i.e., LBWT of treegion 0) is computed as follows: 

LBWTtreegion0 = Max(LBETpath_1+LBWTbase_path_1, …, LBETpath_k+LBWTbase_path_k) 

= Max(LBETpath_1+LBWTtreegion1, LBETpath_2+LBWTtreegion1, LBETpath_3+LBWTtreegion2). 

LBWTs of treegion 1 and treegion 2 can be computed in turn as: 

LBWTtreegion1 = Max(LBETpath_A, LBETpath_B+LBWTtreegion2); 

LBWTtreegion2 =  Max(LBETpaths_in_treegion2). 

For an outer loop body or a CFG containing loop structures, such as the CFG shown in Figure 3, the 

LBWT can be computed as follows,  

LBWTtreegion0 = Max(LBETpath_1+LBWTloop_A, LBETpath_2+LBWTtreegion1). 

where LBWT of the loop A is computed as LBWTloop_body_A * loop_count_A + LBWTtreegion1. LBWT 

for the loop body (LBWTloop_body_A) can be computed using Equation 3 if it contains more than one 

treegion and the loop count is determined from the workload specification or from profiling. 

 

 

 

 

 

Figure 3. The LBWT for outer loops or code regions containing inner loops. 
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LBWT at program level can be computed from the functional level LBWTs by traversing the 

function call graph (leaf node first). The LBWT of the ‘main’ function represents the LBWT of the 

entire program. 

As a final note, if we replace LBET along each path with the actual schedule length/execution time, 

the LBWT becomes the WCET. 

3.3. An Example 

Here, we use a code example to illustrate the LBWT computation and show that treegion scheduling 

will result in smaller LBWT compared to superblock scheduling or trace scheduling, making treegion 

scheduling more suitable for real-time applications. The code example is a simple diamond structure as 

shown in Figure 4. The machine model used in this paper has the following configuration: 6-wide issue 

(2 ALU, 2ALU/LD/ST, 2 BR, e.g., Itanium-I or II [13]); load operations having a 2-cycle latency and 

all other integer operations having a 1-cycle latency (except CMP instructions which can be issued at 

the same cycle as the consuming branch). 

 

 

 

 

 

 
 
 
 
 
 
Figure 4. (a) A code example for the LBWT computation; (b) superblocks formed without tail duplication; (c) 

treegions formed without tail duplication (natural treegions). 
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First, we compute superblock-based LBWT of the code segment (Figure 4b), which is the same as 

LBWTSB1. Using Equation 3, it can be computed as: 

LBWTSB1 = Max(LBETpath_1+LBWTSB3, LBETpath_2+LBWTSB2) 

= Max(LBETpath_1+LBWTSB3, LBETpath_2+ LBETSB2_path +LBWTSB3) 

= Max(8 + 1, 4 + 5 + 1) = 10 cycles. 

From the computation, it seems that control path 2 forms the critical path. 

Using treegions as basic scheduling regions (Figure 4c), the LBWT of the code segment is 

LBWTtree1, which is computed as follows:  

LBWTtree1 = Max(LBETpath_1+LBWTtree2, LBETpath_2+LBWTtree2) = Max(8 + 1, 5 + 1) = 9 cycles. 

Now the critical path is due to control path 1. Compared to superblock-based LBWT, treegion based 

LBWT incorporates the control speculation from BB3 along path 2. So, the execution time along path 

2 is reduced to 6 cycles and overall LBWT is reduced to 9 cycles. This illustrates that treegion 

scheduling is an appropriate scheduling framework for real-time applications due to its capability to 

perform speculation from multiple control paths simultaneously. In this example, we do not consider 

the branch prediction effect on WCET or LBWT for conciseness. We discuss it in Section 4 when if-

conversions [1][23] are selectively performed. 

4. Reduce the WCET Using ILP Optimizations 

4.1. Code size efficiency for ILP optimizations 

As the code size related ILP optimizations trade static code size increase for reduced WCET, one 

direct measure of the effectiveness of such an optimization is to use the ratio of the WCET reduction 

over the code size increase. As discussed in Section 3, the actual WCET calculation requires time-

consuming instruction scheduling and the LBWT reduction is used instead to evaluate the 

effectiveness of code optimizations. So, we define the instantaneous code size efficiency for each 

individual optimization instance as Equation 4. 
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             (4) 

The numerator in Equation 4 represents the LBWT reduction resulting from an instance of a code 

optimization and the denominator represents the cost of such an optimization in terms of static code 

size increase. Using loop unrolling as an example, if we unroll a particular loop once, the instantaneous 

efficiency of such an unrolling is the performance gain in LBWT reduction divided by the size of the 

loop body. Since there could be many loops in a program, there is one such instantaneous efficiency 

associated with each of them.  

Next, we use an example to illustrate the code size efficiency computation and illustrate the effect of 

the ILP optimizations to reduce LBWT (and WCET eventually). The code segment, as shown in 

Figure 5, is part of the audio encoding/decoding kernel extracted from the benchmark adpcm in the 

MiBench suite [9]. The small data input set is used for this benchmark. 

 

 

 

 

 

 

 

Figure 5. (a) The code segment from the benchmark adpcm (compiled using gcc 3.1 –O 1);  
(b) the code after the if-conversion. 

To account for the branch misprediction penalty associated with the conditional branch in the code 

segment, the static branch prediction, which favors the longer path, is used [1]. Then, the misprediction 
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features [13] are used to achieve perfect prediction. In this paper, we assume that the loop back branch 

can always be predicted correctly and no penalty is associated.  

Using the approach presented in Section 3.2, we compute the LBWT for this benchmark as 

24,012,356 cycles assuming a 10-cycle branch misprediction penalty. The ILP optimization, if-

conversion can remove the conditional branch in Figure 5a and result in the straight-line code shown in 

Figure 5b. In this case, the LBWT is reduced by 26% to 17,852,468 (= 24,012,356 – 9 * 684432) 

cycles. Considering the code size changes due to this if-conversion instance, we can see there is a 2-

instruction reduction (the conditional branch in BB1 and the unconditional branch in BB2). So, the 

code size efficiency of this particular instance of if-conversion is -8,926,234 cycles/insn (= 17,852,468 

/ -2). This negative number represents a highly desired extreme of the code optimization as it reduces 

both the LBWT/WCET and static code size. 

We can further optimize the code segment in Figure 5 using tail duplication and loop unrolling. 

Duplicating BB3 enables control speculation for instruction in BB3 and its duplicate, resulting in 

another 2,631,720 cycle reduction in LBWT and 24 duplicated instructions. The code size efficiency of 

duplicating BB3 is then 109,655 cycles/insn (= 2,631,720 / 24) meaning that each additional 

instruction introduced by this tail duplication instance leads a 109,655-cycle LBWT reduction. Unroll 

this loop once will reduce the LBWT further by 482,016 cycles while introduces 83 replicated 

instructions. So, its instantaneous code size efficiency is 5,807 = (482,016 / 83) cycles/insn. 

From this example, we can see that ILP optimizations can reduce LBWT significantly but different 

optimization instances have different performance impact and the code size increase. Instead of 

reiterating the effectiveness of ILP optimizations, our objective is form a general framework to 

selectively perform such optimization instances so that the LBWT/WCET reduction is achieved at the 

minimum cost of code size increase. 
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4.2. The algorithm to selectively perform ILP optimizations      

Based on the quantitative measures of the code size efficiency of ILP optimizations in Section 4.1, 

we develop an algorithm shown in Figure 6 to selectively perform the optimization.  

 

 

 

 

 

 

 

 
 
 

Figure 6. The algorithm to selectively perform ILP optimizations. 

This algorithm has three steps. In Step 0, the preparation step, the basic scheduling regions are 

formed (e.g., natural treegions) and the optimization candidates are identified. Next, the optimization 

candidates are treated differently based on their instantaneous code size efficiency characteristics in 

Step 1 and Step 2. Optimizations with positive LBWT reduction and negative code size increase are 

examined first in Step 1. Then, an iterative approach is used to selectively perform code-expanding 

optimizations, as shown in Step 2 of the algorithm. First, step 2a computes the efficiency of all 

potential optimization instances. Then, the best candidate is selected based on their efficiency in step 

2b. Next, if the one with the best efficiency passes the feasibility check, it will be performed in step 2c. 

As one particular optimization may change the efficiency of another optimization or enable another 

optimization (e.g., a tail duplication may enable a hammock to be constructed for if-conversion), local 

efficiency update is performed in Step 2c if one optimization instance is performed. The feasibility 

Algorithm for regulating code size related optimizations in real-time applications 
0. Form basic scheduling regions to facilitate LBWT computation and to identify program 

structures that are candidates for optimizations. 
1. Perform code size reducing optimizations: if-conversion (or predication) 

a. For a diamond/hammock structure, compute performance gains of if-conversion. 
b. If the if-conversion produces positive (or zero) LBWT reduction, perform it 
c. If the performed if-conversion results in a new diamond/hammock for its parent 

branch, continue to check this parent branch for if-conversion. 
d. Repeat step 1a – 1c, until no more diamond/hammock structures need to be checked. 

2. Perform code size increasing optimizations: loop unrolling and tail duplication 
a. Compute instantaneous code size efficiency for each loop unrolling / tail duplication 

candidate using Equation 4. 
b. Search the candidate list to find the one with the highest efficiency. 
c. If the selected candidate passes the feasibility check, perform the optimization and 

update the efficiency of candidates affected by the optimization. (The feasibility check 
may include local/global code size constraints, register pressure, etc.) 

d. Repeat step 2a – 2c, until the overall code size reaches a limit or there are no more 
candidates. 
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check in this step basically makes sure a particular optimization instance will not result in excessive 

resource utilization, e.g., the size of a loop body is less than level one I-cache size. 

5. Results 

5.1. Experimental methodology 

In our experiments, we use selected benchmarks from both MiBench benchmark suite [9] and 

SPEC2000 INT benchmark suite [11] to evaluate the proposed algorithms. As our objective is to 

reduce the WCET, we excluded the benchmarks containing recursive function calls or un-structural 

loops since they present obstacles for our current LBWT/WCET analysis. The selected benchmarks are 

first compiled into IA-64 assembly using the gcc compiler (version 3.1). As our focus is ILP 

optimizations, we use level one optimization of gcc to perform classical optimizations. The resulting 

IA-64 assembly codes are then parsed into the LEGO compiler framework [14], which we use to 

implement the algorithms in this paper. For the workloads from MiBench, ‘small’ data input sets are 

used to determine the loop counts. For the benchmark bzip2, we use reference input data set and skip 

the first 500 million instructions and profile the next 500 million instructions. In the experiments, after 

the ILP optimization phase, the code is scheduled using treegion scheduling and the WCET is 

computed. 

5.2. Regulating the code size reducing optimizations: if-conversion 

Step 1 of the algorithm shown in Figure 6 regulates how code size decreasing optimizations, if-

conversion in this paper, are performed. Due to its code size reduction effect, any if-conversion, which 

produces positive (or zero) LBET reduction (i.e., positive speedups), will always be performed. As 

described in Section 4.1, we use static branch prediction to estimate branch misprediction impact on 

LBWT/WCET assuming that each misprediction associates a 10-cycle penalty. 
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As stated in Section 5.1, the gcc optimization level one is used to generate the IA64 assembly. 

However, the level one optimization of gcc also produces predicated instructions (i.e., the level one 

optimization performs if-conversion). So, in the first experiment, we modified the gcc 3.1’s source 

code to turn-off its if-conversion transformation and use the algorithm in Figure 6 (step 1) to perform 

if-conversion. The results in WCET reduction are shown in Figure 7. From Figure 7, it can be seen that 

aggressive if-conversion can reduce WCET significantly, up to 80% for the benchmark adpcm since its 

source code contains many ‘if-then’ and ‘if-then-else’ structures. In the benchmarks rijndael and sha 

(both are security benchmarks), the encryption/decryption kernel contains mostly straight-line 

instructions. Therefore, if-conversion yields negligible impacts on the WCET reduction.  
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Figure 7. The WCET reduction using if-conversion. 

In the next experiment, we turn on the gcc’s if-conversion option to generate the assembly and then 

use our algorithm to perform if-conversion. The results shown in Table 1 indicate that our algorithm 

can improve upon gcc’s if-conversion algorithm.  

Table 1. The results of if-conversion based on gcc's predicated code. 
  basicmath susan adpcm stringsearch rijndael sha bzip2 

If-conversions (by gcc) 3 72 21 11 13 3 113 
Number of conditional br 18 325 8 50 56 14 487 
If-conversions with pos. gain 0 30 2 0 0 0 23 
If-conversions with zero gain 0 18 0 0 1 0 2 
If-conversions with neg. gain 0 0 0 0 0 0 0 
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Interesting observations can be made from Table 1. The first row in Table 1 reveals that gcc has 

removed a significant amount of conditional branches through predication, although the second row, 

which shows the number of existing conditional branches in each benchmark after gcc’s if-conversion, 

suggests that there still exist potential if-conversion candidates. Our algorithm examines those 

conditional branches and confirms that the majority of these conditional branches are not appropriate 

for if-conversion either due to the complex CFG, which inhibits diamond/hammock detection, or the 

detected diamond/hammock containing function calls, returns, or indirect branches (we excluded the 

case that both paths contain the same function calls or returns). In such cases, if-conversion may hurt 

the WCET since if-conversion introduces more conditional function calls and returns, which in turn 

incurs more branch misprediction penalties. For those if-convertible branches, our algorithm computes 

the LBWT reduction. Using the benchmark adpcm as an example, gcc converts 21 conditional 

branches and there remain 8 conditional branches in the program. Our algorithm finds that 4 of them 

cannot form a diamond/hammock structure. For those that can form a diamond/hammock, 2 of them 

have either a function call or a return instruction along the paths. For the remaining 2 conditional 

branches, both of them produce positive LBWT reduction. 

Next, we analyze the performance impact of our if-conversions. In this experiment, we perform only 

the if-conversions that produce positive LBWT reductions. Although the number of these if-

conversions seems limited (2 to 30, the third row in Table 1), additional WCET reduction (up to 26%) 

can be achieved, as shown in Figure 8. 
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Figure 8. The WCET reduction achieved by if-conversion based on predicated code by gcc. 

Finally, we analyze the code size reduction impact of if-conversions. We choose to perform if-

conversion with positive or zero LBWT reduction in this experiment. Assuming each conversion saves 

two instructions in IA-64, the overall code size reduction is computed and is shown in Figure 9. 

Remember that this reduction is achieved on the code that has already been predicated by gcc. This 

shows that our algorithm performs if-conversion more aggressively in reducing the code size. From 

Figure 9, it can be seen that if-conversion reduces static code size up to 1.85% (the benchmark adpcm) 

and 0.60% on average. Although these numbers seem to be trivial, in the next subsection, we will show 

that utilizing such a small amount of code size can lead to large WCET reduction. 
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Figure 9. The code size reduction from if-conversion based on predicated code by gcc. 
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5.3. Regulating code size increasing ILP optimizations: loop unrolling and tail duplication 

Step 2 of the algorithm shown in Figure 6 regulates code size increasing optimizations (tail 

duplications and loop unrolling). It iteratively selects and performs one instance of tail duplication or 

loop unrolling with the highest instantaneous code size efficiency. In this experiment, we examine the 

effectiveness of such an iterative approach. For each benchmark, we set the limit of overall code size 

increase as 5%, 10%, and 20% of its original size (i.e., the optimization stops when the overall code 

size increase reaches the limit). The corresponding WCET reductions are shown in Figure 10. 
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Figure 10.  The WCET reduction for different code size increase using code size enlarging optimizations. 

From Figure 10, it can be seen that the significant reductions in WCET is achieved from code size 

enlarging optimizations. The benchmark stringsearch shows the largest WCET reduction. Looking 

into its optimization process, we found that the gain is mainly from unrolling two frequently executed 

loops. These loops have no loop-carried dependence, thus producing large performance improvement 

from unrolling until the resource bound becomes the bottleneck. The benchmark basicmath, on the 

other hand, shows the smallest WCET reduction. This benchmark contains several basic math 

functions, including SolveCubic, usqrt, and rad2deg. The most frequently called function SolveCubic 

contains only one treegion; therefore it cannot be optimized further with either tail duplication or loop 
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unrolling. As a result, this benchmark does not show big WCET reduction though other functions are 

quite optimized with unrolling and tail duplication. Also, from Figure 10, it can be noticed that for 

benchmark adpcm, there is no reduction when code size increase limit is set to 5% or 10% while it 

shows 18% reduction when the limit is 20%. The reason is that in this benchmark, the main loop body 

of the encoding contains a hammock. Duplicating the merge block of this hammock has large 

performance gains but the size of this block is about 11% of its original size. 

The diminishing returns phenomenon can also be observed from Figure 10. Using the benchmark 

bzip2 as an example, the first 5% code size increase leads to a 15% WCET reduction while the next 

5% (total 10%) code size increase leads to an additional 7% reduction and another 10% (total 20%) 

code size increase results in another 2% WCET reduction. This shows that the during the iteration 

process of performing loop unrolling and tail duplication, the efficiencies of the initial picks are much 

higher than remaining ones. Other benchmarks share the similar trend and most of the WCET 

reduction is achieved in the first 5%-10% code size increases. For the benchmark stringsearch, there 

exists significant WCET reduction until the code size increase reaches 40%, as seen in Figure 11.  
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Figure 11. The diminishing returns exhibited in the benchmark stringsearch. 

There are two fundamental reasons for such diminishing returns phenomenon as observed for 

general purpose computing [28]. First, based on the definition of code size efficiency, the effects of 
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optimizations (LBWT/WCET reduction) happened inside loop bodies are amplified by the factor of the 

loop count. The well-known ‘90/10 rule’ points out that a small part of the static code (hot portions) 

consumes over most of the execution time in general purpose computing. The similar rule also holds 

for real-time applications as most of the WCET is spent on some heavily executed loops and functions 

called from such loops. After performing optimizations in these ‘hot’ portions of code, the remaining 

optimizations should have much lower efficiencies. Secondly, high efficiency also requires that the 

resulting code must have significantly reduced LBWT, i.e., the optimization instance must reduce the 

DDG height without causing any resource confliction problem. This requirement filters the 

optimizations happening in hot portions of a program. 

One practical implication of this diminishing return phenomenon is that we can monitor the code 

size efficiency during the iteration process. If the highest one is less than a threshold, we can expect 

that further optimization will have minor impact on WCET reduction while involving large static code 

size increase.  

6. Summary and Future Work 

In this paper, we advocate using compile-time ILP optimizations and instruction scheduling to 

reduce the WCET. We focus on regulating three code size related ILP optimizations, if-conversion, tail 

duplication, and loop unrolling, to reduce the WCET while limiting the associated code size increase at 

the same time. We propose to use performance bounds to evaluate the performance potential of ILP 

optimizations so as to avoid the computationally expensive instruction scheduling. Then, we develop a 

general framework to selectively perform the ILP optimizations based on their performance potential 

and the cost in code size increase. The experimental results show that by combining aggressive 

instruction scheduling and carefully performed ILP optimizations the WCET can be significantly 

reduced at cost of minor static code size increase. 
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Our work can be extended in several ways. First, we can integrate more advanced WCET analysis 

approaches [4][5][18][21][26] to account for the branch prediction and cache effects more accurately. 

The instruction cache effects are particularly important if the instruction cache size cannot hold the hot 

spots of the task. This paper addresses this issue indirectly by setting a local/global limit on static code 

size increase. Accurate analysis of the cache behavior would help to derive such a limit. Secondly, the 

general framework to selectively perform ILP optimizations can be extended to include more 

optimizations such as function inlining in addition to the three ILP optimizations considered in this 

paper.  
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