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Thinking a Bow-and-arrow Set

two materials with different qualities are combined to 
form a new synthetic material with qualities that go 
beyond those of the original materials (see Wadley 
et al. 2009 for properties of individual elements and 
ochre-loaded adhesives). Composition is an innova-
tive concept in the problem-solution distance. It intro-
duces a new effect which tools can have on each other. 
Thereby, composition opens a whole new category 
of tools with new qualities that cannot be attained 
by merely increasing the number of actions, foci or 
simple effects. Composition consequently represents 
a major development towards increased cognitive 
and behavioural modularization and flexibility 
compared to that of single-component tools such as 
Oldowan and Acheulean stone artefacts, or simple 
wooden spears (also see Ambrose 2010). During the 
production of binding materials the cognitive element 
of composition is implied, but the deliberate produc-
tion of compound adhesives directly documents this 
thought process. Notwithstanding its complexity, it is 
a cognitive trait shared by Homo sapiens with several 
other Homo species, including Homo neanderthalensis 
and Homo heidelbergensis in Eurasia, and archaic mod-
ern Homo in Africa.

Process units specific to bow production (Fig. 7a–e)
Process units specific to the manufacture of a bow 
are generally bound to its production. They can only 
be applied in other processes with some adaptation. 
Process units specific to bow production comprise 
production of a string made of sinews, production 
of a bow stave, mounting of a grasp as part of a bow, 
mounting of the string as part of the bow, and apply-
ing fat to the bow stave to prevent splitting/cracking. 
Of these processes the most complex is the production 
of the bow stave (Fig. 7a). In order to satisfy the basic 
need of nutrition, a further eleven sub-problems or 
partial problems must be solved. During this unit six 
active foci (tools) are applied to a sapling or branch as 
raw material for the bow stave. Additionally, a passive 
focus needs to be opened to solve this sub-problem. 
Altogether twenty-one operational steps are contained 
in seven phases. Phase IV is particularly interesting 
(Fig. 7a), with four different ways to continue, based 
on the chosen method(s) for bending the bow stave. 
Depending on the material, recursions may be man-
datory or shortcuts can be possible. The character of 
phase IV is furthermore exceptional because, while 
the blank of the bow stave is continuously affected 
throughout the phase, the phase itself can be inter-
rupted for the subject without consequences for the 
blank. This is due to the transfer of the action of bend-
ing from the human to a pole and binding material. In 
sum, the production of a bow stave parallels approxi-

mately the production of a Lower Palaeolithic wooden 
spear by Homo heidelbergensis more than 300,000 years 
ago (Haidle 2009). Depending on the materials and 
the demands made on the final product, however, the 
production of a wooden spear may be cognitively less 
complex than the production of a bow stave.

The production of making a bowstring, in 
contrast, is relatively uncomplicated in cognitive 
terms (Fig. 7b). Two active foci have to be applied to 
a cadaver in order to extract the sinews to obtain and 
use the necessary material to solve the sub-problem, 
i.e. a flake tool and water (the latter to soften the sinew 
before string production). Ten operational steps are 
contained in four phases. The production of a bow-
string has to be set apart as a process unit specific to 
bow production from the manufacture of other sinew 
binding materials that represent unspecific semi-
finished products. The effective chain does not differ 
between the two sinew products, but the thought-
and-action process of the bowstring is extended: a) by 
considering it as a part of a specific bow-and-arrow 
set; and b) by additional actions needed to twist the 
string, providing tensile strength. 

Assembling and maintaining bows, by mounting 
grasps and bowstrings, and by applying fat to the 
staves in order to prevent splitting and cracking (Fig. 
7c–e), represent individual process units that — based 
on the number of sub-problems, open active foci and 
operational steps — seem less complex than the pro-
duction of the bow stave. Mounting a grasp and apply-
ing fat use only one active focus and one passive focus 
within six operative steps in three phases. Mounting 
a bowstring needs at least two active and two passive 
foci within twelve operative steps in three phases. 
However, it is during all three of these units that the 
presence of the innovative cognitive component of 
composition can be documented (cf. production of 
compound adhesive: Fig. 6c). During the mounting 
of a grasp or applying fat to the bow stave, two com-
ponents are combined to form a new element with 
different qualities, and in mounting the bow string 
three components are effectively assembled.

Process units specific to arrow production (Fig. 8a–e)
Process units specific to the manufacture of an arrow 
are generally bound to its production. They can only 
be applied in other processes with some adaptation. 
Process units specific to the production of a stone-
tipped arrow comprise the production of a stone tip, a 
fore-shaft and a shaft, the mounting of an arrowhead 
and the mounting of an arrow. 

Making the stone tips and hardwood fore-shafts 
is the least cognitively challenging in the arrow-pro-
duction process (Fig. 8a–b). Making a retouched stone 
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Figure 7. Cognigrams for processes specific to bow production.

a

b A-focus
water

A-focus
subject

Sub-focus
string

A-focus
�ake tool

P-focus
food/prey

A-focus
tool set

bow/arrow

Sub-focus
bow

1

0 0a

PH
A

SE
I

II

0b

III

6

0c 0d 0e

IV

8 W

5

9

7

10

3

0f

2 F

11

4

S

Production of a bowstring made of sinews

0. Perception of basic need: nutrition
0a. Perception of sub-problem 1: prey needed
0b. Perception of sub-problem 2: bow-and-arrow set needed
0c. Perception of partial problem 1: bow needed
0d. Perception of partial problem 2: bowstring needed 
0e. Perception of sub-problem 2: cutting tool needed
0f. Perception of sub-problem 3: water needed

Phase I: search for material
1. Search for adequate cadaver to gain suitable sinew

Phase II: preparation of material 
2. Picking up �ake tool
3. Cutting of sinews
4. De�eshing sinews
5. De­bration into thin, long threads
6. Drying of threads

Phase III: production of string 
7. Selecting 2–4 suitable threads
8. Collecting water
9. Moistening sinew threads
10. Twisting or braiding string  

Phase IV: satisfaction of need
11. Possessing a bowstring

See Valiente-Noailles (1993, 63), for the preparation 
of the material , Maingard (1936, 277–8) and 
Vinnicombe (1971, 615), for the production of the string.

Shortcuts and recursions: Recursion is possible 
between steps 9 and 8.

Alternatives: Use of sinews or wood �bres 
twisted together (Schapera 1927, 113).
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Production of a stave as part of a bow

0. Perception of basic need: nutrition
0a. Perception of sub-problem 1: prey needed
0b. Perception of sub-problem 2: bow-and-arrow set needed
0c. Perception of partial problem 1: bow needed
0d. Perception of partial problem 2: stave needed
0e. Perception of sub-problem 3: heavy-duty tool needed 
0f. Perception of sub-problem 4: pole/tree needed
0g. Perception of sub-problem 5: cord needed 
0h. Perception of sub-problem 6: possibly water needed
0i. Perception of sub-problem 7: possibly �re needed
0k. Perception of sub-problem 8: ­ake tool needed
0l. Perception of sub-problem 9: smoothing tool needed

Phase I: search for suitable material for a stave
1. Search for sapling or branch of tough elastic wood

Phase II: rough dressing of stave
2. Picking up prepared heavy-duty tool
3. Cut o� selected sapling or branch
4. Strip o� bark, remove twigs and leaves

Phase III: search for pole or tree to straighten stave
5. Search for suitable piece
6. Transport of stave blank to pole/tree

Phase IV: straightening stave
7. Picking up prepared cord
8. Tying stave blank to pole/stem with cord
9. Letting it partially dry
10. Untying stave blank
11. Controlling bend
12. Eventually transport of stave to prepared �re
13. Eventually heating stave blank over �re
14. Bending stave blank
15. Eventually collecting water
16. Eventually dipping stave blank in water to prevent it splitting

Phase V: �ne dressing of stave
17. Picking up prepared ­ake tool
18. Shaving down stave blank to required thickness

Phase VI: smoothing of stave
19. Picking up prepared smoothing tool
20. Smoothing stave

Phase VII: satisfaction of need
21. Possessing a stave as part of a bow

See Dornan (1975, 94–5), for the complete 
production process.

Shortcuts and recursions: Shortcuts of the process 
are possible between steps 11 and 15 and steps 11 
and 17. Recursion is mandatory between steps 14 
and 11 and steps 16 and 11. Recursion is possible 
between steps 11 and 7.

Alternatives: Peeling selected stout branch, estimating 
total length, cutting both ends to �ne tapering points, 
placing wood in hot ashes, bending it (Maingard 
1936, 277).
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Figure 7. (cont.)
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Mounting of a grasp as part of a bow

0. Perception of basic need: nutrition
0a. Perception of sub-problem 1: prey needed
0b. Perception of sub-problem 2: bow-and-arrow  set needed
0c. Perception of partial problem 1: bow needed
0d. Perception of partial problem 2: stave needed
0e. Perception of partial problem 3: grasp, strengthening needed 
0f. Perception of sub-problem 3: water needed 

Phase I: preparation of material for grasp
1. Selecting suitable prepared sinew threads
2. Collecting water
3. Moistening sinew threads

Phase II: binding grasp 
4. Picking up prepared stave
5. Wrapping sinew around the middle of the stave 

Phase III: satisfaction of need
6. Possessing a stave with grasp as part of a bow, strengthening the stave

See Dornan (1975, 95), Schapera (1927, 113) and 
Valiente-Noailles (1993, 63), for the mounting of a 
grasp as part of the bow.

Shortcuts and recursions: A shortcut is possible 
between steps 1 and 4, if prepared sinew is still 
fresh and not dried.
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Applying fat to the bow stave to prevent splitting/cracking/shrinking

0. Perception of basic need: nutrition
0a. Perception of sub-problem 1: prey needed
0b. Perception of sub-problem 2: bow-and-arrow set needed
0c. Perception of partial problem 1: bow needed
0d. Perception of partial problem 2: fat needed
0e. Perception of sub-problem 3: �ake tool needed 

Phase I: preparation of fat for greasing
1. Selecting suitable part of prey
2. Getting prepared �ake tool
3. Cutting o� piece of fat

Phase II: greasing stave
4. Picking up prepared stave
5. Greasing stave

Phase III: satisfaction of need
6. Possessing a stave with prevention of cracking/splitting

See Dornan (1975, 95) and Valiente-Noailles 
(1993, 63) for the application of fat to the bow stave.
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Mounting of a bowstring as part of a bow

0. Perception of basic need: nutrition
0a. Perception of sub-problem 1: prey needed
0b. Perception of sub-problem 2: bow-and-arrow set needed
0c. Perception of partial problem 1: bow needed
0d. Perception of partial problem 2: bowstring needed
0e. Perception of sub-problem 3: water needed 
0f. Perception of partial problem 3: string stop needed 
0g. Perception of sub-problem 3: �ake tool needed 

Phase I: preparation of string stop
1. Selecting suitable sinew threads, leather or gut
2. Picking up prepared �ake tool
3. Cutting sinew/leather/gut to suitable dimension

Phase II: mounting bowstring
4. Collecting water
5. Moistening prepared sinew/leather/gut for string stops
6. Fixing string stops at basal/upper end of bow stave
7. Picking up prepared bowstring
8. Attaching string with a simple slipknot at the basal end of stave
9. Winding string tightly, several times round the basal end
10. Bending stave
11. Knotting string to upper end of bow stave

Phase III: satisfaction of need
12. Possessing a stave with string as part of a bow

See Schapera (1927, 113) and Maingard (1936: 278), 
for the process of mounting a bowstring.

Shortcuts and recursions: Recursion is mandatory 
between steps 10 and 9.

Alternatives: At one end string attached by a simple knot, 
at the other twisted twelve to thirty-three times round the 
bow and fastened with a knot to a small leather knob 
tied to the wood. To adjust the tension, the twisted part 
of the bowstring is rotated (Valiente-Noailles 1993, 64).
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Figure 8. Cognigrams for processes specific to arrow production.
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Production of a stone tip

0. Perception of basic need: nutrition
0a. Perception of sub-problem 1: prey needed
0b. Perception of sub-problem 2: bow-and-arrow set needed
0c. Perception of partial problem 1: bow needed
0d. Perception of partial problem 2: complementary arrow needed
0e. Perception of partial problem 3: arrowhead needed
0f. Perception of partial problem 4: stone tip needed
0g. Perception of sub-problem 3: hammer-stone needed 

Phase I: search for raw material
1. Search for suitable material for �ake tool

Phase II: blank production
2. Picking up prepared hammer-stone 
3. Preparing core with hammer-stone
4. Detaching �ake with hammer-stone

Phase III: retouch of stone tip
5. Retouching �ake with hammer-stone

Phase IV: satisfaction of need
6. Possessing a stone tip

See Theal (1922, 51), Dornan (1975, 95)
and  Binneman (1994), for the use of 
stone tips as also suggested for Howiesons 
Poort industries (Lombard 2008; 2011; 
Lombard & Phillipson 2010). The simpli�ed 
production process closely follows the 
production of a �ake tool.

Alternatives: Points made of bone or hard 
wood (Dornan 1975, 95; Vinnicombe 1971, 620; 
Backwell et al. 2008; Brad�eld & Lombard 2011).
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Production of a foreshaft

0. Perception of basic need: nutrition
0a. Perception of sub-problem 1: prey needed
0b. Perception of sub-problem 2: bow-and-arrow set needed
0c. Perception of partial problem 1: bow needed
0d. Perception of partial problem 2: complementary arrow needed
0e. Perception of partial problem 3: arrowhead needed
0f. Perception of partial problem 4: fore-shaft needed
0g. Perception of sub-problem 3: �ake tool needed 
0h. Perception of sub-problem 4: smoothing tool needed

Phase I: search for material
1. Search for suitable hard wood

Phase II: rough dressing of fore-shaft
2. Picking up prepared �ake tool
3. Cutting of branch
4. Stripping of bark, removing leaves and twigs 

Phase III: �ne dressing of fore-shaft
5. Shaving down fore-shaft to required form
6. Picking up prepared smoothing tool
7. Smoothing fore-shaft

Phase IV: satisfaction of need
8. Possessing a fore-shaft 

See Dornan (1975, 95), for elements 
and process of the production of
 a fore-shaft.

Alternatives: Composite linkshafts 
made from two sections of bone
 joined together with a very short 
tube of grass and reinforced with 
sinew binding (Vinnicombe 1971, 620).
Truncated bone fore-shaft, ground to 
oval section with 5 mm deep slit at 
distal end to insert tip (Vinnicombe 
1971, 621). Two-partite foreshaft 
consisting of c. 5 cm long wooden 
piece and 2 cm long reed tube bound 
with possible plant �bre (Binneman 
1994, 58).
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Production of an arrowhead

0. Perception of basic need: nutrition
0a. Perception of sub-problem 1: prey needed
0b. Perception of sub-problem 2: bow-and-arrow set needed
0c. Perception of partial problem 1: bow needed
0d. Perception of partial problem 2: complementary arrow needed
0e. Perception of partial problem 3: arrowhead needed
0f. Perception of partial problem 4:  stone tip needed
0g. Perception of partial problem 5: adhesive needed 
0h. Perception of partial problem 6: fore-shaft needed
0i. Perception of sub-problem 3: �re needed 

Phase I: mounting the head
1. Picking up prepared head
2. Picking up prepared adhesive
3. Applying adhesive to stone tip
4. Picking up prepared fore-shaft
5. Mounting stone tip onto fore-shaft
6. Applying adhesive around stone tip

Phase II: transport of material
7. Putting arrowhead near prepared �re
8. Drying adhesive

Phase III: satisfaction of need
9. Possessing an arrowhead

The cognigram of the production of an arrowhead is not following one speci�c example, but is based on several lines of evidence. During the Middle Stone Age there is evidence of the 
use of stone tips and adhesives (e.g. Lombard 2007a; 2008; 2011; Lombard & Phillipson 2010; Wadley & Mohapi 2008). In the ethnographic record, the use of stone tips is always described in 
combination with foreshafts. The process coded here is a simple combination of the element’s tip, adhesive, and fore-shaft, as documented for the Later Stone Age by Binneman (1994, 58).

Alternatives: Tying tip to foreshaft with gut (Dornan 1975, 95), or with vegetable �bre (Maingard 1936, 279). Instead of a composite arrowhead, a simple one made of wood or bone can 
be used (Schapera 1927, 114; Maingard 1936, 279). Modi�cation resulting in a fore-shaft by cutting o� the long wooden head, making a notch, inserting and gumming down a stone tip 
(Schapera 1927, 114). Single barbs (quills, thorns, bone splinters) attached to the fore-shaft by sinew binding (Vinnicombe 1971, 621). Tiny ‘wedge’ made of unknown material set into the 
adhesive at the joint of the fore-shaft, bound over with plant �bre (Binneman 1994, 59). The ‘wedge’ probably represents a barb as described by Vinnicombe (1971) (Manhire 1993, 15). 
Three-partite arrowhead with tip, small wooden tube as connecting element, fore-shaft made from wood or bone, all connected with vegetable glue and bound with sinews that 
have been chewed, rolled and moistened with saliva (Valiente-Noailles 1993, 64).

a
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Figure 8. (cont.)
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Production of an arrow shaft 

0. Perception of basic need: nutrition
0a. Perception of sub-problem 1: prey needed
0b. Perception of sub-problem 2: bow-and-arrow set needed
0c. Perception of partial problem 1: bow needed
0d. Perception of partial problem 2: complementary arrow needed
0e. Perception of partial problem 3: shaft needed
0f. Perception of sub-problem 3: �ake tool needed 
0g. Perception of sub-problem 4: straightening tool needed
0h. Perception of sub-problem 5: �re needed
0i. Perception of partial problem 4: plant �bre needed

Phase I: search for suitable material for shaft
1. Selecting suitable reeds

Phase II: rough dressing of shaft
2. Getting prepared �ake tool
3. Cutting o  reed
4. Remove the stubble from the reed

Phase III: transport of material
5. Transport of reed

Phase IV: straightening shaft
6. Picking up prepared straightening tool
7. Bringing tool and material next to prepared �re
8. Heating straightening tool on �re/hot ashes
9. Placing reed in groove and bending it

Phase V: �ne dressing of shaft
10. Preparation of back end: picking up prepared �ake tool
11. Cutting reed below a knot
12. Cutting a notch
13. Getting prepared plant �bre/sinew
14. Binding plant �bre/sinew around the back end to prevent splitting
15. Preparation of front end: picking up prepared �ake tool
16. Cutting reed below a knot
17. Getting prepared plant �bre/sinew
18. Binding plant �bre/sinew around the front end to prevent splitting

Phase VI: satisfaction of need
19.  Possessing an arrow shaft 

See Dornan (1975, 95) and Schapera (1927, 114), for 
the selection of materials; Maingard (1936, 278), 
Schapera (1927, 114) and Vinnicombe (1971, 619), 
for the production process.

Shortcuts and recursions:
Recursion is possible between steps 9 and 8.
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Production of an arrow

0. Perception of basic need: nutrition
0a. Perception of sub-problem 1: prey needed
0b. Perception of sub-problem 2: bow-and-arrow set needed
0c. Perception of partial problem 1: bow needed
0d. Perception of partial problem 2: complementary arrow needed
0e. Perception of partial problem 3: shaft needed
0f. Perception of partial problem 4: arrowhead needed

Phase I: Mounting the arrowhead 
1. Picking up prepared shaft
2. Picking up prepared arrowhead
3. Mounting arrowhead on shaft

Phase II: satisfaction of need
4. Possessing an arrow

See Schapera (1927, 114), Maingard (1936, 279) and 
Goodwin (1945, 433), for the elements of an arrow.

Alternatives: Shaft and arrowhead connected with 
vegetable glue and bound with sinews that have 
been chewed, rolled and moistened with saliva 
(Valiente-Noailles 1993, 64).

tip requires seven sub-problems or partial problems 
to be addressed. Yet, no more than one active focus 
is open; six operational steps are represented in four 
phases (Fig. 8a). Manufacturing of the fore-shaft is 
only slightly more extended with eight sub-problems, 
two active foci open, and eight operational steps 
in four phases (Fig. 8b). During the production of 
a retouched stone tip only one basic tool is directly 
involved (a hammer-stone), whereas the production 
of a fore-shaft includes the consecutive use of two 
tools, but these do not affect each other (a flake tool 
and a smoothing tool both produced with a second 
tool, i.e. a hammer-stone). Thus, the production of 
a stone arrow tip shows simple thought-and-action 

processes with one to two active foci in a monomial 
effective chain. Although being principally bipartite, 
due to modularization, the effective chain of the fore-
shaft can also be regarded as monomial.

The production of the arrowhead (stone tip 
+ fore-shaft + adhesive) is a typical example of the 
cognitive component of composition (Fig. 8c). This 
operational unit requires of its maker to consider nine 
sub-problems or partial problems prior to addressing 
the basic need of nutrition. Yet, because of the modu-
larity of production units, it only requires one active 
focus open to work with three passive foci, and nine 
operational steps within three phases; with phase I, 
the mounting of the arrow tip to the fore-shaft using 
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adhesive the most complex. Here, three separate  
elements are brought together in several steps of 
addition to form a new element, the arrowhead. This 
reconstruction can also be seen as loosely applicable 
to the cognitive challenges of making stone-tipped 
thrusting or throwing spears. It clearly illustrates how 
simplification, contained in cognitive modularization, 
facilitates the composition of a composite tool.

Beside the production of the arrowhead, mak-
ing a seemingly simple reed arrow shaft is the most 
cognitively complex production unit in the arrow-
making process (Fig. 8d). We suggest a suite of nine 
sub-problems or partial problems to be tackled in 
its production in order to satisfy the basic need of 
nutrition. This requires three active and two passive 
foci to be open during the effective chain. Nineteen 
operational steps have to be completed within six pro-
duction or activity phases. Two additions of formerly 
independent foci, the reed and plant fibres, may take 
place to become a single composite focus, the shaft, 
during phase V — the fine dressing of the reed shaft. 

Once again, as a result of conceptual, technologi-
cal and behavioural modularization, assembling the 
final arrow before use is a relatively simple procedure, 
requiring the solving of six sub-problems or partial 
problems during four operational steps in only two 
phases (Fig. 8e). Thus, similar to bow production, 
the production of arrows cannot be considered cog-
nitively more advanced than other composite tools 
manufactured before the inception of bow-and-arrow 
technology. 

Summary of the operational sequences of  
bow-and-arrow manufacture and use

The production of a bow is a sum of processes aimed 
at gaining intermediate objectives such as a string, a 
bow stave, a grasp, a final surface treatment of the 
bow, and the assembly of these intermediate objectives 
with the help of basic tools and using some unspecific 
semi-finished products. The production of an arrow 
is also a sum of processes in order to gain intermedi-
ate objectives. Multiple components can be produced 
(e.g. stone tips, fore-shafts, shafts), assembled and 
re-assembled in a variety of sequences, all with inde-
pendent intermediate objectives, in order to produce 
the final complete arrow. All the intermediate processes 
depend on the application of various basic tools, and 
using some unspecific semi-finished products. Con-
ceptual, technological and behavioural modularization 
helps to keep the process units small and cognitively 
manageable. A by-product of such modularization 
is the increasing number of sub-problems or partial 
problems to be considered in sub-foci within a single 

process unit. Although the sub-foci play neither an 
active, nor a passive role within the process units, 
attention should be paid to them in order to place 
the specific thought-and-action process into the right 
context, and to conceptualize the intermediate objective 
as an adequate part of a broader aim. 

In our hypothetical reconstruction of the produc-
tion of a simple bow-and-arrow set, we identified 
24 decoupled operational units, comprising: a) ten 
units of acquisition or production of basic tools; b) 
three units of production of semi-finished products; 
c) and d) five units each of the production of a bow 
and an arrow respectively; and finally e) the use of 
the complete bow-and-arrow set. Each of these units 
can be autonomous with their own intermediate aims, 
independent of immediate basic needs. They can be 
assembled successfully in a variety of configurations 
for potentially different functions. The 24 units identi-
fied for bow-and-arrow production and use are:

a.	 Acquisition or production of basic tools
1.	 Acquisition of hammer-stone
2.	 Acquisition of grinding tool
3.	 Acquisition of stirring tool
4.	 Production of a flake stone tool
5.	 Production of a heavy-duty stone tool
6.	 Production of a smoothing stone tool
7.	 Production of a straightening stone tool
8.	 Acquisition of water
9.	 Production of a container
10.	Production of fire

b.	 Production of unspecific semi-finished products
11.	Production of binding material (sinew)
12.	Production of binding material (plant fibre)
13.	Production of compound adhesive

c.	 Process units specific to bow production
14.	Production of a string/cord made of sinews
15.	Production of the bow-stave
16.	Mounting of a grasp as part of a bow
17.	Mounting of a string as part of a bow
18.	Applying fat to the bow-stave to prevent splitting/

cracking

d.	 Process units specific to arrow production
18.	Production of the stone tip
20.	Production of a fore-shaft
21.	Production of the arrowhead (tip + fore-shaft)
22.	Production of an arrow-shaft
23.	Production of an arrow

e.	 Process unit of bow-and-arrow use
24.	Use of bow-and-arrow
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Although it is possible to imagine a different, simpler, 
bow-and-arrow set that might include fewer modules 
and produce a simpler effective chain with fewer ele-
ments, the cognigrams presented above (Figs. 3–8), 
show that neither the production of a simple bow 
(Fig. 2a), nor that of a stone-tipped arrow, even with 
fore-shaft and shaft (Fig. 2b), can be reasonably inter-
preted to indicate tool behaviour that is cognitively 
more complex than composite artefacts produced 
by Neanderthals or archaic modern Homo. As soon 
as a bow-and-arrow set is used as an effective unit, 
however — even in the simplest possible form of such 
a tool set — a novel cognitive component becomes 
apparent. 

This new component represents the conceptu-
alization of complementary tool sets or technological 
symbiosis (represented by { in the cognigram: Fig. 
9). Such tool sets have two different elements: a) 
enhancing elements with stable capacities; and b) 
multiple consumable elements with changing, flexible 
capacities. The application of consumable elements 
are actively augmented by the enhancing element; 
handled and controlled by the user in a way that 
reveals the full potential of the consumable elements 
only when used jointly in a complementary tool set. 
Complementation or symbiosis, similar to composi-
tion, is an innovative concept in the problem-solution 
distance. Yet, it introduces an additional effect tools 

can have on each other and, once again, facilitates an 
entire new category of tools with new qualities. These 
new qualities can not be attained by simply increasing 
the number of actions, the number of foci, the number 
of simple effects, or the number of composite effects; 
they can only be reached by actively and simultane-
ously using a set of symbiotic tools (also see Table 1). 
Complementation or symbiosis thus represents still 
another major cognitive increase, which enables a 
level of technological complexity and flexibility that is 
not possible with non-symbiotic, simple or composite 
technologies. 

Technological symbiosis and its potential 
cognitive implication

In the following section we extrapolate on the inter-
pretation of technological symbiosis. Analysing the 
complete chains of operation, that include all the 
operational units contained in the cognigrams, pro-
vides further insight. It enables us to compare tool 
behaviour associated with hand-delivered weaponry 
with that associated with mechanically-projected 
weaponry. We reconstruct the effective chains for sim-
ple wooden spears (Fig. 10a), composite stone-tipped 
spears (Fig. 10b), and a bow-and-arrow set (Fig. 10c). 
The diagrams provide an overview of the elements 
actively involved in the processes (tools; in rectangular 

Figure 9. Cognigram for hunting with a bow-and-arrow set.
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Phase I: tracking down prey
1. Picking up prepared bow-and-arrow set
2. Picking up prepared �ake tools
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5. Approaching selected animal
6. Shooting arrow with bow on prey
7. Killing prey

Phase III: dismembering prey
8. Selecting suitable cutting tool
9. Breaking open the corpse
10. Dismembering the prey

Phase IV: transport of meat
11. Transport of parts of prey, transport of tools 

Phase V: preparing a meal
12. Bringing parts of prey to prepared �re
13. Roasting meat

Phase VI: satisfaction of need
14. Consumption of meal

The simpli�ed cognigram of hunting with a 
bow-and-arrow set is not based on a speci�c 
example, but represents foci and actions that 
are generally part of the process.

Shortcuts and recursions:
Recursion is possible between steps 6 and 4.
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frames) and the materials neces-
sary to complete the processes. 
In the case of the wooden spear 
(Fig. 10a), the effective chain 
draws on Veil’s (1991) experi-
ments, supported by detailed 
analysis of the Schöningen 
spears from Germany (Thieme 
1997; 1999), supplemented with 
commonsense assumptions 
(Haidle 2009). By studying the 
operational chain of a seemingly 
simple, hand-delivered wooden 
spear, such as those recorded 
in Germany, c. 300,000 years 
ago, it can be extrapolated that 
thinking through, and following 
the operational sequence from 
the perception of the basic need 
(hunger for meat), to its final 
satisfaction would be difficult 
and demanding. 

These spears already represent an advanced 
decoupling of satisfaction and basic need, where small 
operational units, each with its own intermediate aims, 
can be put together in a modular way in different 
operational sequences (Haidle 2009). For example, 
the same material (chert) can be sourced to function 
as firelighter, hammer-stone, heavy-duty stone tool 
and flake tool. Also, hard hammer-stones need not be 
repeatedly sourced, but can be kept, so that they are 
instantly available for use when required. Through 
decoupling and modular conceptual and techno-
logical behaviour the handling of complex thought-
and-action sequences becomes possible. Thus, the 
manageable complexity in tool behaviour increases.

Our effective chain of the manufacture and use 
of a stone-tipped spear shows the further cognitive 
component of composition (the encircled +) (Fig. 
10c); an innovative concept in the problem-solution 
distance that introduces new effects which tools 
can have on each other. As such, it represents a key 
development towards advanced cognitive and behav-
ioural modularization and flexibility. The concept of 
composite tools probably developed gradually over 
the past 300,000 years (Haidle 2010). Stone-tipped, 
hand-delivered spears could have been used from 
c. 285 kya in sub-Saharan Africa (McBrearty & Tryon 
2005), c. 270 kya in the Near East (Mercier & Valladas 
2003), and c. 200 kya in Europe (Villa & Soriano 2010). 
Few early assemblages have been analysed for direct 
evidence of hunting and hafting, but, unambiguous 
evidence for hunting with stone-tipped weaponry 
comes, for example, from Klasies River, South Africa 

at c. 100 kya (Milo 1998), and Umm-el-Tlel, Israel at 
40–70 kya (Boëda et al. 1999), where stone point frag-
ments were found embedded in the vertebrae of large 
prey animals. From Umm-el-Tlel, in the same context, 
there is also evidence of bitumen being used to haft 
such points (Boëda et al. 2008). 

We are not aware of direct evidence for the use of 
binding materials such as plant twine or sinew cords 
during the Middle Palaeolithic of Eurasia to reinforce 
the hafting of stone points to spear shafts, but the haft-
ing method has been documented in northeast Africa 
possibly from c. 150 kya (Rots et al. 2011), and recorded 
for stone-tipped spears used in South Africa from 
c. 70–35 kya (Lombard 2005; 2006b). In the latter region, 
and of similar age, are records of the manufacture 
and use of compound adhesives that included ochre 
as an ingredient (Wadley et al. 2004; Lombard 2006a; 
2007a; 2009). Replication of, and experimentation with, 
stone-tipped spears further inform our effective chain 
(Lombard et al. 2004), and shows that careful recipe 
and heat control was required for the manufacture of 
successful compound adhesives (Wadley 2005; 2006; 
2010; Wadley et al. 2009) (Fig. 6c). 

Stone points, for which a hunting function has 
been established and that contain direct evidence of 
hafting, thus carry information beyond their mode of 
manufacture and function. They can be viewed as part 
of a complex set of operational units that form a spear 
to hunt for prey that is needed to satisfy a feeling of 
hunger (Haidle 2010). Such artefacts are consistent 
with cognitive development based on the modular 
combination of several operational units that consti-
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tutes the idea of composition. Such combinations go 
beyond a simple addition in sequence. By combining 
different elements made of the same or different 
materials, with different properties and/or functions, 
the properties of the composite tool or compound 
adhesive reach beyond those of its single components. 
These properties might represent an enhancement 
of the original properties of the components, a new 
combination of their properties, or a completely new 
set of properties. 

The effective chain reconstructed for a bow-and-
arrow set (Fig. 10c), shows a cognitive development 
expressed in technological symbiosis, i.e. the ability 
to conceptualize a set of separate, yet inter-dependent 
tools. It further increases the problem-solution 
distance, enabling the conceptualization of new 
technological categories representing yet another 
major increase in levels of behavioural and cognitive 
complexity and flexibility. Such complementary tool 
sets are able to unleash new properties of a tool, incon-
ceivable without the active, simultaneous manipula-
tion of another tool. Single elements are adapted to 
each other, only reaching their full potential when 
used in a symbiotic set. Complementary tool sets may 
possess stable parts that are effective on the flexible 
parts and, depending on how the elements are used, 
the properties of a tool set can change instantly. For 
example, a bow can be used with an arrow for hunt-
ing, with a drill bit as bow-drill, or with a fire stick as 
fire-drill. Another change of properties is possible by 
using different flexible elements in the same set. For 
example, including an arrow with a stone tip, an arrow 
with a blunt tip (possibly to hunt birds), or an arrow 
with a poisoned tip, etc. In addition, the effects of the 
complementary tool set can be enhanced flexibly by 
the number of variable elements in use. The repeated 

hand-delivered use of a non-composite or stone-
tipped spear by an individual in a single hunting event 
is time consuming and often dangerous. In contrast, 
several and/or differently constructed arrows can be 
shot by a single hunter from a bow into the same target 
within a short time frame. We therefore suggest, that 
the main evolutionary advantage regarding the ability 
to manage technological symbiosis, by actively focus-
ing on, and manipulating complementary tool sets, 
is the augmentation of modular flexibility (amplified 
conceptual, technological and behavioural modular-
ization) (Table 1). 

Discussion

The question now arises as to whether a hammer-stone 
and anvil used by a chimpanzee to crack nuts can be 
considered technological symbiosis or amplified mod-
ularization? The simple answer is no. A reconstructed 
cognigram of this activity with fixed anvil (e.g. a rock, 
or a root of a tree) illustrates that there is only one tool, 
the hammer-stone, which is actively manipulated. 
There is no effective chain: the hammer-stone effects 
the nut actively, and the anvil has only a passive effect 
on the same object (Fig. 11a). If a movable anvil is used 
in the nut-cracking process (Fig. 11b), another phase 
‘position control of anvil’ is amended with additional 
actions. The number and type of foci, however, is the 
same (Fig. 11a–b). Nut cracking with a hammer-stone 
and anvil involves three foci beside the subject but it 
is important to note that only one active focus (other 
than the subject itself) is open and actively effective. 
An effective chain is not existent because there is no 
effect of the anvil (which is not a tool, but a specific 
location if it is fixed, or a proto-tool if it is movable) 
on the hammer-stone, or vice versa. The cognigram 

Table 1. Comparison of cognitive requirements and evolutionary advantages between simple tools, composite tools and complementary tool sets.
Weapon Cognitive requirements Evolutionary advantages
Wooden (simple) spear • Decoupling of tool and satisfaction of basic need.

• Modularization of action units.
• The handling of complex thought and action 
sequences is facilitated.
• The manageable complexity in tool behaviour 
increases — modularization. 

Stone-tipped 
(composite) spear

• Decoupling of tool and satisfaction of basic need.
• Modularization of action units.
• Ability to combine several fully separate elements to 
create a new concept — composition.

• Combination of different elements made of the same 
or different raw materials with different properties/
functions.
• Properties of the composite tool reach beyond those 
of its single components
• Properties may be enhanced, provide a new 
combination or provide completely new properties — 
advanced modularization.

Bow-and-arrow set 
(complementary tool 
set) 

• Decoupling of tool and satisfaction of basic need.
• Modularization of action units.
• Ability to combine several fully separate elements to 
create a new concept.
• Ability to conceptualize a set of separate, yet inter-
dependent tools — technological symbiosis.

• New properties of a tool.
• Augmentation of modular flexibility — amplified 
modularization.
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Figure 11. Cognigrams for the cracking of Panda oleosa nuts by chimpanzees.
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shows some distance in problem-solution (Fig. 11a–b), 
but, the properties of neither tool (hammer-stone) nor 
location or proto-tool (anvil) are changed as a result 
of using them for a single purpose. 

Chimpanzees have also been recorded to use 
different tool types in sequence to solve distinct 
sub-problems within one process. For example, they 
were observed to apply two different two-tool sets 
in tasks to extract termites, or to use up to three 
different tools in accessing honey (Sanz et al. 2004; 
Sanz & Morgan 2007). Using our definition, these 
tool sets cannot be considered complementary. Yet, 
the associated behaviours already show a realization 
of the need for two different tools to solve a problem 
sequence. Different foci have to be open and man-
aged in the correct sequence to achieve the goal. 

Different components of the problem-solution pro-
cess are perceived in advance, indicating planning. 
Chimpanzees, therefore, show a distinct flexibility 
in all aspects of cognitive behaviour, including con-
texts and problem-solution distances (Haidle 2010). 
Notwithstanding such flexibility, in all recorded tool 
behaviours associated with chimpanzees, both or all 
the tools are applied to the same object (the termite 
nest, honeycomb or nut). This is opposed to second-
ary tool use (Kitahara-Frisch 1993), where one tool is 
used to produce another tool, which is then applied 
to the basic need. Thus, even the most complex 
chimpanzee tool behaviour fails to demonstrate the 
basic ability to apply tools in an effective chain which 
is the prerequisite of composite and complementary 
tool use. 
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We maintain that the same principle applies to 
the human archaeological record; not all tools used 
consecutively or simultaneously can be considered 
complementary tool sets or examples of technological 
symbiosis in a cognitive sense. Only those demon-
strated to represent amplified modularization — i.e. 
all four cognitive requirements for such tool sets 
including: a) the decoupling of tool and satisfaction of 
basic need; b) the modularization of action units; c) the 
ability to combine several fully separate elements to 
create a new concept; and d) the ability to conceptual-
ize a set of separate, yet inter-dependent tools — can 
be interpreted as such (see Table 1). The principle of 
tracing complementary tool sets in the archaeological 
record is therefore not a quick fix for extrapolating 
complex cognition from every Middle Palaeolithic or 
Middle Stone Age grinding- or hammer-stone. Rather, 
it is an approach that requires careful consideration of 
the thought-and-action processes involved, and how 
the elements and activities relate to each other. Viewed 
separately, much information about cognitive aspects 
such as goal-oriented decision-making, sequencing 
of actions, or flexibility in problem solution is lost. 
Cognigrams provide an integrated approach where 
action steps are pooled in phases of action assigned 
to different attention foci. The method incorporates all 
separate, discrete elements of attention that form part 
of the sequence including the acting subject, objects 
to be treated, locations and actively handled tools 
(Haidle 2010).

The full decoupling of tool and satisfaction 
of basic need, and the increased modularization of 
action units can already be postulated for simple 
wooden spears at >300 kya (Haidle 2009; 2010). We 
have previously mentioned that the more tools and 
their manufacture can be dissociated from immediate 
subsistence aims, the more problems become soluble. 
The full set of consequences of this decoupling and 
modularization, however, unfolds only in more 
progressive cognitive expressions. In composite 
tools, the modularization does not only make the 
initial production process easier, it also facilitates the 
maintenance of the system. Single elements such as 
a spear tip can easily be renewed without thinking 
through the complete processes of producing and 
using a stone-tipped spear. Additional elements, such 
as binding materials and tips, can be made in advance 
and curated as stock or spare parts. The decoupling 
of tool production from basic need provides the tool 
with independent existence. Such tools have the 
potential to provide solutions for problems yet to be 
identified, for example, the same stone point can be 
hafted as either spear tip or knife blade depending on 
the situation. Thus, problems are no longer perceived 

or solved solely in the immediate or extended present. 
With modularization and composition, cognitive time 
depth is growing (Haidle 2010).

Advanced modularization and composition 
represent the modification of cognitive tool behav-
iour that opens the way towards a vast expansion of 
problem solutions (Haidle 2009). The modular orga-
nization of thought-and-action processes constitutes 
an important simplification of complex multifaceted 
operations facilitating solutions that would otherwise 
hardly be considered (also see Beaman 2010). The 
cognitive evolution towards modular organization 
of object behaviour was gradual with several species 
showing extension of object behaviour and expan-
sions of problem-solution distances. These extensions 
and expansions offer increased flexibility in different 
solutions for one problem, diverse needs met with 
one solution, the application and sequencing of action 
steps, the contexts in which problems are perceived, 
and combinations of tools, materials, uses and tech-
nologies associated with a single process. However, so 
far, only hominins seem to have developed the basis of 
more complex tool behaviour by secondary tool use: 
the use of tools to produce other tools to satisfy a need.

With complementary tool sets, or technological 
symbiosis, the advantages of modularization increase 
exponentially into what we refer to as amplified 
modularization. The production and maintenance 
processes are facilitated in a similar way as suggested 
for composite tools. Yet, additional elements can be 
stocked, not only as spare parts (a second bowstring, 
in case the original snaps during the hunt), but also 
as variants (arrows with different heads for different 
prey types), or as copies (a set of arrows with the same 
heads for several shots on the same/similar prey). In 
the case of bow-and-arrow technology, different pro-
jectile types (which are also easy to carry in numbers) 
can be instantly selected or changed depending on 
situation or encountered prey type. It also has the 
advantage of easily facilitating multiple shots fired 
by the same hunter in quick succession, without being 
in reaching distance of the prey. Consequently, flex-
ibility regarding decision-making and taking action 
is amplified with the option of using complementary 
tool sets. The modular, hierarchical organization of 
operational processes is a consequence of extensions 
and expansions regarding object behaviour and 
problem-solution distances. It allows a range of cogni-
tive and behavioural complexity and flexibility that is 
basic to modern (current) human behaviour.

The statement above returns us to the debates 
about tracing early expressions of complex technolo-
gies and behaviours and differences and/or similari-
ties between Neanderthals and early modern humans. 
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In this article we used the recent evidence of bow-and-
arrow technology in southern Africa at 64 kya as an 
example of amplified conceptual, technological and 
behavioural modularization. Previously we alluded 
to the fact that it was proposed that such weapons 
enabled Homo sapiens to overcome obstacles allowing 
them to disperse from Africa into Eurasia after c. 50 
kya (Shea & Sisk 2010). The technology probably 
spread to western Eurasia along with dispersing 
Homo sapiens populations but, according to Shea 
and Sisk (2010), neither insufficient intelligence nor 
inadequate biomechanics are plausible explanations 
for the absence of evidence for mechanically-projected 
weaponry amongst the Neanderthals. Rather, they 
argue that the situation may reflect energetic con-
straints and time-budgeting factors associated with 
such complex technologies. 

Conversely, based on the work presented here 
that explicitly set out to assess levels of complexity in 
tool behaviour in cognitive terms, we suggest that it is 
premature to dismiss a cognitive explanation for the 
conceptualization and use of mechanically-projected 
weaponry or other examples of technological symbio-
sis in the form of complementary tool sets (as defined 
in this article: see Table 1). A cognitive explanation 
does not rule out the possibility that species other 
than our own may have produced such technologies — 
even though unambiguous evidence remains elusive. 
It also does not imply that Neanderthals were not 
weighed down by their higher daily calorie require-
ments (compared to Homo sapiens), leaving them with 
insufficient time to develop mechanically-projected 
weaponry, and impacting on how they integrated 
technology with their subsistence and land-use 
strategies (e.g. Shea & Sisk 2010). Perhaps, as is so 
often the case in human history, it was a permutation 
of factors including subsistence requirements, the 
environment, and the tempo and direction of cognitive 
evolution that caused Neanderthals not to develop 
mechanically-projected weaponry (also see Kuhn 
2006; Lombard & Parsons 2011). 

On the other hand, the cognitive explanation 
robustly supports the hypothesis that mechanically-
projected weaponry – as an example of a comple-
mentary tool set signalling the development of 
technological symbiosis, and as such, amplified 
conceptual, technological and behavioural modular-
ization — enabled Homo sapiens to overcome obstacles 
and played a role in our successful dispersal across the 
globe. Similar to our permutation argument regarding 
its seeming absence amongst the Neanderthals, we 
agree with Shea and Sisk (2010) that this scenario does 
not necessarily refute the potential synergetic roles of 
symbol use and demographic change in explanations 

for this dispersal. We also agree that the significance of 
mechanically-projected weapon technology has been 
underestimated in models for the global dispersal of 
Homo sapiens. Our reasons for agreeing on this latter 
point, however, may differ. 

For us, contemplating the concepts of tech-
nological symbiosis and amplified modularization 
(expressed in the production and use of a bow-and-
arrow set), the ecological niche-broadening strategy 
reaches further than subsistence behaviour. Yet, once 
such complex technologies became an option, there is 
no rule that dictates their becoming or remaining the 
only solution to a problem (Lombard 2011; Lombard 
& Parsons 2011; Parsons & Lombard 2011 ). As modern 
humans we are known for our boundless flexibility; 
within a matter of seconds we may choose to use 
anything from the simplest to the most sophisticated 
of technologies, depending on need and context. 
Amplified conceptual, technological and behavioural 
modularization was a significant step towards open-
ing up almost limitless options to actively and effec-
tively engage with our needs and our environments, 
be they natural, cultural or socio-economical.

Conclusion

The increase in cognitive, and consequently behav-
ioural, flexibility is the main evolutionary advantage 
of complementary tool sets or symbiotic technologies 

— one that can hardly be overestimated. We suggest 
that once humans were able to fully decouple tools 
and satisfaction of basic needs, assemble objects 
and actions in an amplified modular way, combine 
several fully unrelated elements to create a new 
concept, and conceptualize a set of separate yet 
inter-dependent tools, the range of innovative and/
or creative problem-solving became almost limitless. 
It is therefore our current hypothesis that evidence 
of the adaptation towards using complementary tool 
sets, that demonstrates technological symbiosis and 
amplified modularization, signifies a major cognitive 
step forward as it offers instantaneous and spontane-
ous flexibility to effectively handle any one possibility 
or situation out of a suite of diverse foreseen (and 
unforeseen) scenarios. 

It is not finding the artefacts, or providing evi-
dence for the presence of early mechanically-projected 
weaponry that is most important. Key is the fact 
that, when unambiguous evidence for their mode of 
delivery can be established, they are a clear indication 
of the cognitive concept of technological symbiosis, 
and therefore the capacity for extended and enhanced 
(amplified) conceptual, technological and behavioural 
modularization. Not all complementary tool sets have 
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to be as complex as the bow-and-arrow set described 
in this article. Other examples of such tool sets or tech-
nological symbiosis can be found in the production and 
use of a spearthrower and dart, a hammer and chisel, 
or a fishing rod with line and hook. It is therefore not 
the artefacts themselves, nor their apparent complexity, 
but the cognitive components or concepts which they 
represent that may contribute to current debate. 
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