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Why should you care?
• Constant factors matter in practice (even well below the speedup)60000 ×
• Sometimes: enormous constant factors hidden in O-Notation
• Sometimes: enormous constant factor from misunderstanding modern CPUs
• A greedy python heuristic could be slower than a well-optimized exact C++ algorithm 

(at least on the instances that you/your boss/your client are interested in)

Here: No vendor-/hardware-specific details, but a basic (generalizable) understanding.
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the program, the compiler is allowed to apply it.

Essentially, a similar rule applies to CPUs w.r.t. the architectural model vs. actual execution.

Modern CPUs take this to the extreme:
• Superscalar: Independent instructions can run simultaneously if resources permit

• More stages: 10-25+ finer-grained stages

• Out-of-Order: Later independent instructions can ‘overtake' earlier instructions; 
retirement happens in order.

• Speculation: Some instructions that are internally executed never retire.

There can be hundreds of instructions in flight at any time!

In real CPUs

7
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Latency:
• How long does an instruction take until it completes?
• Example: add reg, reg has a 1 cycle latency on typical x86 CPUs.

• After scheduling instruction A, how long until a dependent instruction B can start?
• Pipelining has little effect on latency.
• But: Pipelining can hide the cost of high-latency instructions!

Throughput:
• How many instructions can be completed per unit of time?
• Example: add reg, reg has a 1/4 cycle (reciprocal) throughput on modern x86 CPUs.

• Throughput is affected by pipelining!

https://www.agner.org/optimize/instruction_tables.pdf
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So what threatens the flow of our pipeline, i.e., efficient use of our CPU’s resources?

There are multiple threats; the two most important ones are:
• Branching

• High latency instructions (in particular: cache misses to RAM)



Algorithm EngineeringSummer 2026

Branch prediction

11



Algorithm EngineeringSummer 2026

Branch prediction

11

Which instruction is next depends on the condition (conditional jump)!



Algorithm EngineeringSummer 2026

Branch prediction

11

Which instruction is next depends on the condition (conditional jump)!

Idea: predict if jump is taken; until that is resolved, speculatively execute instructions.



Algorithm EngineeringSummer 2026

Branch prediction

11

Which instruction is next depends on the condition (conditional jump)!

Idea: predict if jump is taken; until that is resolved, speculatively execute instructions.



Algorithm EngineeringSummer 2026

Branch prediction

11

Which instruction is next depends on the condition (conditional jump)!

Idea: predict if jump is taken; until that is resolved, speculatively execute instructions.

Prediction correct: great, we saved time by not waiting!



Algorithm EngineeringSummer 2026

Branch prediction

11

Which instruction is next depends on the condition (conditional jump)!

Idea: predict if jump is taken; until that is resolved, speculatively execute instructions.

Prediction correct: great, we saved time by not waiting!

Otherwise: branch misprediction, throw away intermediate results.



Algorithm EngineeringSummer 2026

Branch prediction

11

Which instruction is next depends on the condition (conditional jump)!

Idea: predict if jump is taken; until that is resolved, speculatively execute instructions.

Prediction correct: great, we saved time by not waiting!

Otherwise: branch misprediction, throw away intermediate results.

Performance cost: depends on latency of conditions; on average ~10-20 cycles
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Quiz question: compiling (unoptimized), what time impact does DO_SORT have?

Per miss: 
37.43 cycles 
11.54 ns
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How does branch prediction work?

• Temporal: if the branch was taken the last 100 times, predict it will be taken again. 
Also, recognize patterns such as N-T-N-T or T-T-T-N-T-T-T-N.

• Spatial: infer from the behavior of nearby branches that were recently handled; 
particularly important for predicting addresses of indirect branches.

• Complex heuristics exist (e.g., for handling nested loops)

• Modern branch predictors achieve >95% accuracy on most typical code.

Hard to predict branches:  
(semi-)random branches taken ~50% of the time, patterns that are too long
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What can we do?

• Never ever measure running time compiling without optimization!

• If you need debug info (say for profiling), use a release-with-debug-info build.
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What can we do?

• Never ever measure running time compiling without optimization!

• If you need debug info (say for profiling), use a release-with-debug-info build.

• Measure (see tutorial) before worrying too much (not only about branch mispredictions)!

But no, seriously, what can we do? How did the compiler fix it?

• Branchless (and vectorized) code.

• Replace branching by other methods, such as conditional move instructions

• Other alternative: restructure the code in other ways (reorder iterations, sorting, …)
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15

Why not make everything branchless?

• Well-predicted conditional jumps are really cheap

• Conditional moves compute both paths (can be significantly slower)

• Control dependency  data dependency→

• Other branchless code also often involves more work

• So it most often helps only if:

• Both paths are cheap

• The branch is hard to predict

• Or if the branch prevents other optimizations

• Measure first — then do a single change and measure before and after.



Algorithm EngineeringSummer 2026

The other elephant in the room

16

ADDRESS ME
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Memory access: nowadays has hundreds of cycles of latency. 

Keeping the CPU busy: caches with much lower latency.
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Level Size range Latency Throughput/Bandwidth What fits

L1 32 kB-256 kB 
per core ~4 cycles (~1 ns) ~2+1 lines/cycle 

 ~1 TB/second A few small arrays

L2 256 kB-2 MB 
per core ~12 cycles (~3 ns) ~1 TB/second Moderate data structures

L3 8-192 MB 
shared ~40 cycles (~10 ns) ~400 GB/second Large data set

DRAM 8-256 GB ~200 cycles (~50 ns) ~64 GB/second 
per channel Hopefully, the rest of your data
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Level Size range Latency Throughput/Bandwidth What fits

L1 32 kB-256 kB 
per core ~4 cycles (~1 ns) ~2+1 lines/cycle 

 ~1 TB/second A few small arrays

L2 256 kB-2 MB 
per core ~12 cycles (~3 ns) ~1 TB/second Moderate data structures

L3 8-192 MB 
shared ~40 cycles (~10 ns) ~400 GB/second Large data set

DRAM 8-256 GB ~200 cycles (~50 ns) ~64 GB/second 
per channel Hopefully, the rest of your data

Data transfer: in units of cache lines (usually 64 Bytes) 

So: loading one int (a[0]) from main memory actually fetches 16 ints (a[0]..a[15]).
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Matching (row-major) traversal:
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Key Experiment: Matrix Traversal

A  integer matrix in memory ( ), row major layout:N × N N = 4

Matching (row-major) traversal:

Mismatched (column-major) traversal:
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Key Experiment: Matrix Writing

Column major, N = 16384: 
14375469415 cycles 
 4786912494 instructions 
       0.33 ins/cycle 
 3126991309 cache refs 
  253004603 cache misses 
       8.09 % miss rate 

Row major, N = 16384: 
 3936675885 cycles 
 4781854861 instructions 
       1.21 ins/cycle 
  154502459 cache refs 
    2625165 cache misses 
        1.7 % miss rate
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Matrix Multiplication

Question: so what should you do for dense matrix multiplication?

• Create a transposed copy of the matrix that you access awkwardly before multiplying!

• Or (of course): do not reimplement the wheel.
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Striding Access

Striding:

• Accessing a[0], a[1], a[2], …: stride of 4 bytes: 

• accesses and uses every one of the 16 ints in each loaded cache line

• no writing of partially updated cache lines

• prefetcher easily recognizes access pattern

• Accessing a[i], a[N + i], a[2*N + i], …: stride of 4*N bytes

• accesses only one int in each cache line (6 % of each loaded cache line)

• large distance between accesses: prefetcher cannot act on access pattern
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Structure of Arrays vs. Array of Structures

Striding:
• At least the first of these issues also happens when iterating arrays of structures

• Unless we use most of the parts of the structure

• Fundamental issue in many situations:

• Array of structures (AoS) is much cleaner from a software engineering perspective

• Structure of arrays (SoA) can be more performant for several reasons
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What can the compiler do?
Mostly low-level tricks:
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What can the compiler do?
Mostly low-level tricks:
• Branchless code (simple cases like min, max, abs, …): ✅

• Strength reduction (e.g., div-by-constant to mul+shift): ✅

• Common subexpression elimination, hoisting, constant folding, inlining: ✅

• Auto-vectorizing (simple to medium-complexity) loops: ✅

• Changing loop order: sometimes ✅

• Completely optimize away your microbenchmark: ✅ (dead code elimination)

But: your mileage may vary (depending on compiler, inlining site, moon phase, …)

The compiler cannot (usually):
• Change data structures (e.g., vector to list)

• Change memory layout (e.g., AoS to SoA)
• Restructure/change algorithms
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Summary

CPUs are ridiculously complex to avoid waiting
The two main issues you should be aware of: branching and memory access
Branching:
• CPU attempts branch prediction; predictable branches are very cheap
• Random/unpredictable branches in hot loops: massive slowdown
• Don’t overdo it: measure first — most branches are fine!
Memory access:
• Main memory is slow, caches are fast
• Predictable, ideally sequential memory access pattern, avoiding striding
• Know & choose the right data structures & memory layout
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Optimization Hierarchy

Correctness comes first! Then:

• choose the right algorithm, then

• choose the right data structures and memory layout, then

• measure performance, help branch prediction, etc.
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Reading

Optional further reading for a deeper dive: 

• Bakhvalov, Denis. 2024. 
Performance Analysis and Tuning on Modern CPUs. 2nd (in progress). 

• Drepper, Ulrich. 2007. What Every Programmer Should Know about Memory. 
• Fog, Agner. 2024. Optimizing Software in C++:  

An Optimization Guide for Windows, Linux, and Mac Platforms. 
• Hennessy, John L., and David A. Patterson. 2019. Computer Architecture: A 

Quantitative Approach. 6th ed. Morgan Kaufmann. 
• Kocher, Paul, Jann Horn, Anders Fogh, et al. 2019. “Spectre Attacks: Exploiting 

Speculative Execution.” IEEE Symposium on Security and Privacy (s&p). 
• Seznec, André. 2011. “A New Case for the TAGE Branch Predictor.” Proc. Of the 44th 

Annual IEEE/ACM International Symposium on Microarchitecture (MICRO).


